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ABSTRACT

CHARACTERIZATION OF THE EXPRESSION PROFILE OF POLYAMINE
BIOSYNTHETIC GENES (SPERMIDINE SYNTHASE) AND POLYAMINE
METABOLIC REGULATION IN ARABIDOPSIS

By
Lin Shao
University of New Hampshire; May 2013
Polyamines are ubiquitously distributed cationic compounds, which play important
roles in numerous cellular functions in plants. This study was aimed at elaborating the
regulation of polyamine biosynthetic gene expression and polyamine metabolism. The
organ/tissue specific expression patterns of two genes encoding the polyamine
biosynthetic enzyme spermidine synthase (AtSPDSI and AtSPDS2) were studied in
Arabidopsis at different developmental stages using promoter: reporter approach. The
two homologues showed similar ubiquitous expression with subtle differences being
observed in certain tissues (e.g. root, siliques, and embryos). Neither transgenic
manipulation by over-expression of AtSPDSI alone nor its concomitant expression with
genes encoding other biosynthetic enzymes (mouse ornithine decarboxylase or
Plasmodium falciparum ornithine decarboxylase/S-adenosylmethionine decarboxylase)
altered spermidine/spermine content much, which indicates a complex and tightly
regulated machinery for higher polyamine homeostasis. The turn-over study on all three

major polyamines showed a short half-life of 6-8 h for putrescine and longer ones for
spermidine (>40 h) and spermine (>10 h). Catabolic rate of putrescine was proportionate
to its endogenous level. Spermine was degraded mainly via back-conversion into
spermidine while spermidine showed both back-conversion and terminal catabolism.
The other objective was to destablize f3-glucuronidase protein by attaching PEST
signal sequence from mouse ornithine decarboxylase at N or/and C terminus. Modified
proteins were shown to have variable reduction in their stability in Arabidopsis seedlings
and cell cultures. This should open up a way to use GUS as a more sensitive reporter for
transient or short-term gene expression studies.

INTRODUCTION

Polyamines
Polyamines (PAs) are ubiquitously distributed cationic compounds, which play
important roles in numerous cellular functions in plants (Handa and Mattoo, 2010;
Igarashi and Kashiwagi, 2010b). Most common PAs found in higher organisms are
diamine Put, triamine Spd and tetraamine Spm. The diamines Cad and Agm may be
present in some plants (Moschou et al., 2008a). Recently, a structural isomer of Spm
called tSpm, initially reported in prokaryotes, has also been identified in plants like
Arabidopsis thaliana (Knott et al., 2007). In addition to the common PAs, several
unusual PAs are prevalent in thermophilic archaea and bacteria, whose major function is
to stabilize DNA and RNA of these organisms at high temperatures (Oshima, 2010).
These unusual PAs can be broadly classified into two groups: long-chain PAs (e.g.,
homocaldohexamine, caldohexamine, homocaldopentamine) and branched PAs (e.g.,
tetrakis(3-aminopropyl)ammonium, mitsubishine). Besides involvement of the unusual
PAs in thermal stabilization, several long-chain PAs are implicated in cell wall formation
and wall architecture determination in siliceous diatoms (Kroger et al., 2000).
Polyamine Biosynthesis
The diamine Put is synthesized either from Om or from Arg; the former is brought
about directly by ornithine decarboxylase (ODC; EC 4.1.1.17) and the latter by arginine
decarboxylase (ADC; EC 4.1.1.19) and several additional enzymes, which vary among
species (e.g. Agm ureohydrolase or agmatinase in E. coli, Agm iminohydrolase and N-

carbamoylputrescine amidohydrolase in plants). Animals apparently possess only the
ODC pathway whereas most plants have both pathways for Put biosynthesis (Fig. 1). The
presence of Cad has been reported in legumes (serving as the precursor for quinolizidine
alkaloids), whose production is carried out by Lys decarboxylase (LDC; EC 4.1.1.18);
however, plant LDCs have not been well characterized. An earlier study had suggested
that ODC in some quinolizidine alkaloid producing plants might also have LDC activity,
like the mammalian ODC (Persson, 1977, 1981; Lee and Cho, 2001). The preference to
substrate (Om vs. Lys), however, varies among species (Bunsupa et al., 2012).
Transgenic expression of L. angustifolius L/ODC in tobacco and Arabidopsis resulted in
accumulation of Cad in both plants but enhanced Put only in the former.
Biosynthesis of triamines and tetraamines is catalyzed by a class of enzymes called
aminopropyltransferases (APTs), which transfer an aminopropyl residue from
decarboxylated SAM (dcSAM) to another PA, generating MTA as the byproduct
(reviewed in Shao et al., 2012); dcSAM is produced from decarboxylation of SAM by Sadenosylmethionine decarboxylase (SAMDC; EC 4.1.1.50). In addition to being a donor
of methyl groups for methylation reactions, in plants SAM is also a precursor of ethylene
biosynthesis via ACC (Zhang et al., 2009; Jafari et al., 2012). The APT Spd synthase
(SPDS; EC 2.5.1.16) is specific to its amine acceptor Put and produces Spd; whereas
Spm synthase (SPMS; EC 2.5.1.22) and tSPM synthase (tSPMS; EC 2.5.1.79) show
substrate specificity to Spd. In addition to those widely distributed APTs, a different PA
biosynthetic pathway found in Thermus thermophilus reveals an APT which uses Agm as
substrate to produce an intermediate aminopropyl-Agm, which is then hydrolyzed to Spd
(Oshima, 2010). Recently a new kind of APT, called Agm/Cad APT (ACAPT), has been
2
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Figure 1. Polyamine biosynthetic pathway in plants. Abbreviations: ADC, arginine
decarboxylase; ODC, ornithine decarboxylase; SAMDC, S-adenosylmethionine
decarboxylase; SPDS, spermidine synthase; SPMS, spermine synthase.
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reported from hyperthermophile archaeon Pyrococcus furiosus, whose substrate
specificity ranges from diamines like Put, Cad, Agm, and 13-diaminopropane to unusual
substrates like sym-nor-Spd (Cacciapuoti et al., 2007).
Biochemical Properties of Aminopropyltransferases
The biochemical properties, molecular structure, expression analysis, and transgenic
use of APTs have been reviewed in Shao et al. (2012), and are summarized here briefly.
Enzyme activity of SPDS and SPMS is measured either by following the incorporation of
radio labeled aminopropyl moiety from 14C-dcSAM into the product (Hibasami and Pegg,
1978) or the conversion of 14C-Put/Spd into the respective higher PA (Porta et al., 1981).
In either case, the labeled products are separated after dansylation by thin-layer
chromatography (TLC) or HPLC and counted for radioactivity. An alternate approach is
to measure the byproduct MTA (Enomoto et al., 2006). However these procedures are
cumbersome, time-consuming and expensive, thus information available about APT
activity is rather scant as compared to the Put biosynthetic enzymes. Activity of tSPMS
was measured by a similar isotopic assay as for SPMS (Knott et al., 2007).
At the molecular level, most known APTs are homodimeric, although a few, such as
those found in thermophiles and diatoms, are presumed to be tetramers (Ikeguchi et al.,
2006; Knott et al., 2007; Pegg and Michael, 2010; Belda-Palaz6n et al., 2012). Crystal
structures of SPDSs and SPMSs from several organisms are available (Pegg and Michael,
2010 and references therein). Interestingly, an earlier study (Panicot et al., 2002) on A.
thaliana demonstrated that ^rSPDS2 monomers may interact with AtSPDSI, and also
with /frSPMS, forming heterodimers in vitro; however, this is inconsistent with the

crystal structure of other APTs. A recent study has shown a dual subcellular localization
of A. thaliana APTs (SPDS and SPMS) in both the cytosol and nucleus, and that the
SPMS-SPDS heterodimers occur preferably in the nucleus (Belda-Palaz6n et al., 2012).
Mutants of Aminopropyltransferase Genes in Plants
In addition to randomly observed/selected mutants in many plant species, sitedirected or experimentally induced mutations have been extremely useful in plants like A.
thaliana whose genome has been fully sequenced. In this species, genome-wide
mutagenesis has been created using T-DNA and Ds transposon insertions thus allowing
identification of mutants for all APT genes (reviewed in Shao et al., 2012). Arabidopsis
has two SPDS genes, one SPMS gene, and one tSPMS gene called ACL5.
Single-gene T-DNA insertion mutants of either SPDS1 or SPDS2 in Arabidopsis
exhibited no phenotypic abnormality under normal growth conditions and no significant
alteration in cellular PA contents, suggesting functional complementation of the two
genes (Imai et al., 2004b). Seeds of spdsl/spds2 double mutant were not viable with
embryos arrested at the heart-torpedo stage. A considerable reduction in Spd concomitant
with a small decrease in Spm was seen in the double mutant seeds. On the other hand, Put
content was elevated remarkably, presumably the result of blockage in its conversion to
Spd. Due to the seed/embryo lethality, fully-grown double mutants are not available, thus
phenotypes in other stages of development are not known. Development of conditional
mutations in these genes should help resolve this situation.
An Arabidopsis mutant with T-DNA insertion in the single SPMS gene showed lower
Spm and higher Spd as compared to WT but no notable phenotype under normal growth
5

conditions, leading to the suggestion that Spm may not be required for growth of this
plant (Imai et al., 2004a; Rambla et al., 2010). On the other hand, an acl5 mutant
contained no detectable tSpm but accumulated Spd and Spm (Kakehi et al., 2008;
Rambla et al., 2010). This mutant was earlier reported to have a severe defect in
intemode elongation, smaller rosette leaves, reduced number of flowers, and abnormal
surface of the siliques (Hanzawa et al., 2000; Imai et al., 2004a). Interestingly, an
increase in defective transcripts of acl5 in the mutant, combined with its reduction after
exogenous tSpm treatment, suggests a negative feedback regulation of ACL5 gene
expression (Hanzawa et al., 2000; Kakehi et al., 2008). The expression of SAMDC4 was
also up regulated in the acl5 mutant, which was reversed by tSpm. This indicates a
metabolic co-regulation of ACL5 and SAMDC4; the latter supplies dcSAM required for
the production of tSpm (Kakehi et al., 2010).
Another Arabidopsis mutant called ‘thickvein (tkv)\ whose phenotype resembled the
acl5 mutant, was identified to have a single base deletion in exon 7 of ACL5 gene, which
resulted in a frame shift in the ORF. Anatomical study of the mutant revealed increased
number of vascular cells, which resulted in thicker veins in leaves and inflorescence of
the mutant plants. Furthermore, abnormality of vein structure was accompanied by
disruption of polar auxin transport in the inflorescence stalk, which implicates an
interaction of PAs with plant hormones for the observed phenotype, and shows that tSpm
may be involved in this interaction (Clay and Nelson, 2005). However, in a more recent
study by Vera-Sirera et al. (2010), an increase in cellular content of the natural auxin IAA
and up-regulation of IAA marker DR5::GUS expression were seen in acl5 hypocotyls,
which showed that IAA transport from apical meristem in the mutant seedlings may be
6

adequate. Therefore, the authors suggested that the defect in xylem and the retarded
growth in the mutant may actually be responsible for defective auxin transport in the
inflorescence stalk. On the other hand, Mufliz et al. (2008) had attributed incompletely
developed xylem of aclS to premature cell death, therefore, suggesting that xylem
specification may be under the control of ACL5.
Rambla et al. (2010) have reported that a double mutant (spmslaclS) in Arabidopsis,
which almost completely lacked tSpm and had significantly lower Spm but elevated Spd,
was phenotypically identical to the aclS mutant of Imai et al. (2004a). This again
indicates that Spm probably does not play a major role in development of Arabidopsis.
However, there is reasonable experimental evidence to show that this conclusion is
flawed. Yamaguchi et al. (2006) had earlier shown that the double mutant was
hypersensitive to NaCl and KC1 (but not to MgCh or mannitol) as compared with the WT
plants, and exogenous application of Spm reversed the NaCl hypersensitivity.
Furthermore, the salt hypersensitivity was alleviated by a Ca2+-channel inhibitor, which
along with growth arrest of the mutant on Ca2+-depleted medium indicated a Ca2+
deficiency in the spmslaclS double mutant. Later Yamaguchi et al. (2007) reported that
the double mutant also displayed hypersensitivity to drought, which was reversed by
exogenous Spm. Greater water loss in the mutant was attributed to defective stomata
closure, which might suggest the regulation of Spm-modulated Ca2+ channel and K+ flux.
Thus it can be argued that Spm is perhaps essential or at least plays a role in stress
responses, even though its role in development may be minimal. Furthermore, this role
may be mediated by regulation of cellular Ca2+homeostasis.

7

Expression Patterns of Aminopropyltransferase Genes in Plants
Orsan and tissue specific expression
As described above, most plants contain two genes for SPDS and one or two genes
for SPMS and/or tSPMS. While their coding sequences show a high degree of homology
within as well as between the gene families, little is known about the regulation of their
expression in various tissues and cells in a given plant. Five different approaches namely
northern hybridization, RT-PCR, QRT-PCR, in situ hybridization, and promoter: rreporter
fusion have been employed to study organ/tissue specific gene expression of the APT
genes. Each shows different levels of specificity for expression at tissue, organ and cell
levels. In addition, microarray data on the expression of some of these genes in
Arabidopsis are available. Still, the information is quite sporadic and inconsistent, thus
leading to inconclusive assessment of their role during development or in response to
stress in plants. The current status of research on this topic is briefly reviewed here.
Semi-quantitative northern blot analysis was used by Hanzawa et al. (2002) to study
the presence of AtSPDSl and AtSPDS2 mRNAs in 7-d-old seedlings, mature leaves, stem
intemodes, inflorescences and siliques of A. thaliana. It was observed that mRNAs of
both genes were present in all organs, with higher levels being detected in the seedling
roots. Transcripts of AtSPMS and AtACLS were also present ubiquitously but more in the
stem intemodes, flower buds and roots (Hanzawa et al., 2000, 2002). They used the
3’UTRs of AtSPDSl and AtSPDS2 (with -51% identity between them) and the coding
sequences of AtSPMS and AtACLS cDNAs (also with -51% identity between them) as
probes. Later, Urano et al. (2003) using semi-quantitative RT-PCR showed the
constitutive presence of AtSPDSl transcripts in all organs (flowers, buds, immature and
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mature siliques, upper and lower stems, and cauline and rosette leaves); AtSPDS2 mRNA
was also found in all organs but at relatively lower levels in the mature siliques and upper
stems. While AtSPMS mRNA was present in all organs examined, transcripts of AtACLS
were more abundant in immature siliques, cauline leaves and roots than other organs.
Subtle discrepancies in results of the two studies might simply be due to the techniques
used.
Detailed cell- and tissue-level expression analysis of AtACLS using a technique with
higher specificity (promoter: reporter fusion) by Clay and Nelson (2006) revealed its
procambium-confined expression in bent cotyledon embryos, primary roots, young leaves
as well as during inflorescence development. Rice (2006) studied the expression profile
of AtSPMS and AtACLS using the promoter::GUS fusion approach in all tissues and
organs of Arabidopsis during its entire life. Overall, the expression of AtSPMS was found
to be high in young developing tissues with continued but weaker expression in the
vascular tissue of mature plants. A similar expression profile was observed for AtACL5;
however, greater expression was observed in the meristematic and elongating regions of
young organs.
Microarray data (Genevestigator

- www.genevestigator■com,^ also

revealed

constitutive presence of AtSPDSl and AtSPDS2 transcripts in all organs in Arabidopsis.
Between the two homologues, AtSPDSl shows relatively higher expression especially in
flowers and siliques; transcripts of AtSPMS are also ubiquitous in these organs. On the
other hand, AtACLS expression is much less in most organs than the other APTs.
In addition to Arabidopsis, APT genes have been characterized in several other

plants: apple (Malus sylvestris var. domestica), maize (Zea mays), olive (Olea europaea
L.), Citrus clementine, water fern (Marsilea vestita) and Lotus japonicus. Their
organ/tissue specific expression patterns have been reviewed by Shao et al. (2012).
Expression in response to abiotic stresses and phytohormones
As described earlier, one of the most discussed topics about the physiological roles
of PAs in plants is their potential involvement in abiotic stress responses, many of which
also involve other phytohormones, particularly ABA (Alcazar et al., 2006,2010, 2011). A
few studies have directly analyzed the expression of APT genes in plants in response to a
variety of abiotic stress treatments; results of representative studies are discussed here.
Increasing salt concentration was reported to delay Arabidopsis seed germination
(Bagni et al., 2006). In response to long-term salt treatment (21, 31 and 38 days) of
mature plants, AtSPDSl mRNA levels increased slightly (RT-PCR) while those of
AtSPMS and AtACL5 increased to a greater extent; there was also an increase in Spm
(Bagni et al., 2006; Tassoni et al., 2008). This is consistent with the results of Urano et al.
(2003) based on northern blots, except that in their study AtACLS transcripts decreased
after short-term NaCl treatment (24 h). A recent study using QRT-PCR (Naka et al.,
2010) confirmed the results of Urano et al. (2003) about the decrease in AtACLS
transcripts in seedlings subjected to salt treatment (1 to 3 days). This discrepancy shows
that AtACLS responds differently to the concentration of salt and/or to the duration of
treatment. In terms of PA contents, Put increased initially (at 1 day) and then declined at
2-3 days. On the other hand, Spd and tSpm decreased while Spm increased; thus changes
of PAs paralleled the expression of APT genes.
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In maize, both ZmSPDSl and ZmSPMSl (initially designated as ZmSPDSl) were
responsive to NaCl. Whereas ZmSPDSl was up-regulated by increasing NaCl
concentration in long-term treatment of 7 days, ZmSPMSl was induced only by short
term treatment of 1 day (Rodriguez-Kessler et al., 2006; Jim&iez-Bremont et al., 2007).
An increase in Put, Spd and Spm upon long-term treatment with 25 mM NaCl was
reported. Up-regulation of Panax ginseng PgSPDS in roots was seen in response to
salinity accompanied by increased Put and Spd contents (Parvin et al., 2010).
When 3 to 4 week-old Arabidopsis plants were removed from soil and subjected to
dehydration (Urano et al., 2003; Alcdzar et al., 2006), the expression of AtSPDSl in
detached leaves and AtSPMS in both 4-week-old plants and detached leaves increased
dramatically; this was not accompanied by parallel changes in Spd and Spm contents. On
the other hands, Put was elevated in both studies concomitant with increased AtADC2
expression, indicating a tighter regulation of cellular Spd and Spm homeostasis than Put
as suggested earlier by Bhatnagar et al. (2001) for poplar cells. A recent report (Alcdzar et
al., 2011) suggests that back-conversion of Spm to Put may have contributed to this tight
homeostatic regulation of Spd and Spm.
Cold treatment (4°C) for 2 to 5 h caused a decrease in Spm in 4-week old
Arabidopsis plants but AtACLS transcripts increased (Urano et al., 2003). In P. ginseng
roots, PgSPDS expression was induced by chilling until

8

h post-treatment and showed a

decline from 12 to 24 h; then maximum accumulation was observed at 48 h. There were
parallel changes in Spd content. Parvin et al. (2010) found that jasmonate, mannitol, and
CuSC>4 treatments also induced PgSPDS expression in roots, but changes in PA contents

in this study were not reported.
The APT genes also respond positively to various phytohormones. For example,
treatment with ABA, a hormone closely associated with abiotic stress, increased Put level
by almost 3 fold in Arabidopsis seedlings within hours; this was accompanied by a
dramatic (~7 fold) increase in AtADC2 transcripts (Rambla et al., 2010). While ABA
treatment induced AtSPMS expression to the same extent (i.e. ~7 fold), except Put, the
other PAs remained unaltered. Earlier studies of Hanzawa et al. (2002) and Urano et al.
(2003) had shown that AtSPMS expression in the seedlings as well as 4-week-old plants
increased rapidly (2 h) after treatment with 100 pM ABA. The discordance between
variation of AtSPMS transcripts and Spm titer suggests post-transcriptional and/or posttranslational regulation of this enzyme. Likewise, stimulation of ZmSPDSl and
ZmSPMSl transcripts was detected in detached maize leaves in response to ABA within 6
h (Jimdnez-Bremont et al., 2007), as was the case with accumulation of PgSPDS mRNA
in P. ginseng roots at 8-12 h after treatment with ABA (Parvin et al., 2010).
Rambla et al. (2010) found that in response to auxin (50 pM IAA), both Put and
tSpm increased by 1.5 and 2.5 fold, respectively in Arabidopsis seedlings at
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h post

treatment, which paralleled up-regulation of AtADC2 and AtACLS transcripts. Similar
increases in AtACL5 and AtSPDS2 expression were observed in earlier studies by
Hanzawa et al. (2000,2002) in response to IAA and kinetin, respectively.
Microarray data on expression of APTs in response to abiotic stresses and hormones
in Arabidopsis seem to be consistent with studies discussed above: e.g. up-regulation of
AtSPMS by salinity, drought, osmotic stresses and ABA treatment, and AtACLS up12

regulation in response to drought, cold and auxin treatment (www.genevestigator.com).
Transgenic Manipulation of Polyamines via Aminopropyltransferases
While inhibitors of biosynthetic and catabolic enzymes provide an effective means of
regulating a biochemical step, this approach has severe limitations. For example, there
are problems associated with uptake, transport and metabolism of the inhibitor, and the
inhibitors often lack specificity. Genetic manipulation through mutations and/or transgene
expression enables us to overcome some of these problems; of course these approaches
introduce other equally important issues. Nevertheless, they have been used extensively
for experimentally altering PA metabolism in plants, more so than in animals. Genetic
manipulation is especially suitable for both up- and down-regulation of a metabolic step.
Almost every gene in the core PA biosynthetic pathway has been the target of
overexpression and/or inhibition (e.g. through antisense or RNAi). Plants with upregulated expression of SPDS have been produced to study the effects of increased Spd
production during development and to test for stress responses, whereas relatively few
studies on transgenic manipulation of plants for SPMS or tSPMS have been reported.
Franceschetti et al. (2004) were the first to report constitutive transgenic expression
of a Datura stramonium SPDS cDNA in tobacco. The transgenic plants displayed
increased SPDS as well as SAMDC enzyme activities. However, increases in enzyme
activity were not proportionate to the increase in transcripts, indicating posttranscriptional and/or post-translational regulation. The Spd to Put ratio increased in
transgenic plants either due to increase in Spd and/or decrease in Put, but Spm was not
affected. Interestingly, almost no alteration in the total PA content was seen, suggesting a

tight regulation of the total cellular PA levels in plants. Morphologically the transgenic
plants were shorter, had fewer intemodes, and showed delayed flowering.
Constitutive (CaMV 35 promoter) over-expression of a Cucurbita ficifolia SPDS
cDNA in Arabidopsis resulted in 5 to 6 -fold increase in SPDS enzyme activity (Kasukabe
et al., 2004), with an accompanying increase of up to 2 and 1.8 fold in Spd and Spm,
respectively. No morphological phenotype was observed in the transgenic plants.
Tolerance of these plants to low temperature, salinity, hyper-osmosis, drought and
oxidative stress was enhanced. Data from cDNA microarrays of transgenic plants
revealed up-regulation of several stress-responsive transcription factor genes under
chilling treatment. The authors concluded that increased Spd possibly plays a role in
stress-signaling pathways. The same group (Kasukabe et al., 2006) later used the same
gene to produce transgenic sweet potato (Ipomoea batatas) plants, again using a
constitutive promoter. The transgenic plants tolerated salinity and drought stress more
than the WT plants in terms of growth and starch content of storage roots. Furthermore,
suppression of storage root formation by low light was alleviated, and damage by chilling
and heat stress on photosynthesis was reduced. The authors inferred that increased
tolerance to various stresses might at least partially be ascribed to higher activity of
antioxidants in these plants.
When apple MdSPDSl gene was constitutively expressed in European pear (Pyrus
communis L. - Wen et al., 2008), contents of all three PAs in transgenic seedlings were
elevated. The plants exhibited reduced shoot height and increased tolerance to salt, heavy
metals, and osmotic stresses. He et al. (2008) later showed that in response to NaCl and
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mannitol treatments, the transgenic plants showed higher antioxidant capacity. Follow-up
studies showed that the transgenic seedlings were more tolerant to Al also (Wen et al.,
2009). A small increase in Spd (~1.2 fold) was seen in both WT and transgenic lines upon
Al treatment although values of the former were lower than the latter. Interestingly, an
increase in Put (-1.3 fold) was found in transgenic lines while in WT seedlings it
declined by -30%. This was accompanied by higher antioxidant activity and greater
accumulations of Ca and other ions in the transgenic plants, implying that increased Spd
improved Al and heavy metal tolerance through affecting oxidative status of the cells and
their inorganic ion balance (Wen et al., 2009,2010). The above results collectively lead to
the hypothesis that antioxidant activity and metal chelator properties of Spd may be
involved in the enhanced tolerance to heavy metal stresses in transgenic plants. More
recently, Fu et al. (2011) have generated transgenic sweet orange (Citrus sinensis Osbeck)
expressing the same MdSPDSl gene. Transgenic lines were less susceptible to canker
caused by Xanthomonas ctxonopodis pv. citri. This enhanced resistance was concomitant
with increased Spm titer and PA oxidase activity, which mediates PA catabolism and
accumulation of H2 O2 (a byproduct of PA catabolism).
Several papers from A.K. Mattoo’s group have described changes including delayed
ripening, longer shelf life, reduced shriveling, increased lycopene content and major
alterations in the metabolic profile of transgenic tomato fruits transformed with yeast
SAMDC and SPDS genes regulated either constitutively or by a fruit-ripening specific
promoter (Nambeesan et al., 2010; Mattoo et al., 2010 and references therein). The
extended shelf-life of transgenic fruits was ascribed to delay in post-harvest senescence,
perhaps due to the accumulation of Spd. In another study by Neily et al. (2010), all three
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PAs increased in transgenic tomato fruits expressing MdSPDSl under a constitutive
promoter, among which Spm showed the least increase. Primary metabolism in
transgenic tomato fruits was also altered during ripening, with metabolites such as
malate, galactose, Glu, Gin, Phe, and GABA being significantly higher in the transgenic
fruits. Furthermore, transgenic fruit had higher lycopene content due to apparent increase
in its biosynthetic genes and down-regulation of degradation genes. The results show that
increased cellular PAs have pleiotropic effects on metabolism including the transcriptome
and the metabolome (see also Mohapatra et al., 2010 a,b; Page et al., 2007,2010).
It is noteworthy that overexpression of SPDS in different plants increased Spd and/or
Spm levels, but only to a small extent (maximum about 2 to 3 fold increase) in
comparison with similar studies with the manipulation of Put via ODC or ADC,
where >10 fold (up to 50 fold) increases have been reported (Bassie at al., 2000;
Bhatnagar et al., 2001; Majumdar, 2011). A review of the literature on changes in PA
contents of plants in response to genetic manipulation or stress treatments shows overall
wider fluctuations in Put than Spd/Spm, leading to the conclusion that Spd/Spm
metabolism in plants is more tightly regulated than that of Put (Bhatnagar et al., 2001,
2002). In poplar cells overproducing Put, its catabolism also increased concomitantly
(Bhatnagar et al., 2002). No parallel studies on Spd catabolism during its increased
biosynthesis are reported. Bhatnagar et al. (2002) also found that the half-life of Put in
poplar cells was much shorter (-6-7 h) than that of Spd and Spd (estimated to be >35 h).
Another important point to note in most transgenic studies is that the rise in Spd
content in transgenic plants is often not proportionate to the increase of SPDS enzyme
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activity or SPDS transcripts, which strongly suggests that SPDS may not be the primary
rate-limiting enzyme for Spd production. Also, the manipulation of SAMDC seems to be
more efficient to elevate Spd/Spm than SPDS, which indicates that the substrate dcSAM
may act as a rate-limiting factor in aminopropyl transfer reactions. Besides, the decline o f
Put accompanying increase in Spd in some of the studies discussed above implies that
limitation of the precursor Put may also constrain the capability to increase Spd/Spm.
In conclusion, there often is a poor correlation among transcripts, enzyme activity
and cellular contents of the respective PA, particularly with respect to the higher PAs.
This is true both for the native genes/enzymes and for the transgenes. While this
discrepancy is generally explained in terms of post-transcriptional and post-translational
regulation of the enzyme production, the availability of the substrates (PAs and dcSAM),
and/or rates of catabolism of the products, there is rarely direct experimental evidence for
such hypotheses. Since the past transgenic work mostly involved constitutive promoters,
it is likely that the resulting cells/plants are subject to homeostatic adjustment of the
steady state levels of PAs. These plants would not permit the study of changes in plant
metabolism in response to transient changes in APT activity or PA concentrations, which
commonly would be the case in nature; e.g. in response to short term stress or during
development. Therefore, further biochemical work is warranted to establish direct
correlations between mRNA levels and enzyme activities, and between enzyme activities
and the accumulation of Spd and Spm in plants/cells. The ability to experimentally
regulate transgene activity with inducible promoters should provide suitable means of
analyzing these correlations. In addition, plants in which multiple PA biosynthetic genes
are co-manipulated would possibly serve as better systems to study metabolic regulation
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of PA titers by the availability of substrates (precursor) vs. the enzymes alone.
A better understanding of the expression and regulation of PA biosynthetic genes at
the metabolic level will help us in effective use of genetic engineering approaches for the
improvement of nutritional value as well as stress responses of plants. Previous graduate
students in our lab have (Mitchell, 2004; Majumdar, 2011) studied the tissue/cell specific
expression of ADC and SAMDC gene families in Arabidopsis by promoter: :GUS fusion
technique, and also the genetic manipulation of PAs via ODC. The expression of SPMS
and tSPMS (ACL5) has also been investigated (Rice, 2006). Thus, a part of my Ph.D.
work was focused on the characterization of SPDS gene family (SPDS1 and SPDS2). In
order to complement the results of transgenic manipulation of Put via ODC, I studied
transgenic manipulation of Spd by over-expression of AtSPDSl with or without
concomitant manipulation of SAMDC or ODC.
Polyamine Catabolism in Plants
The catabolism of PAs involves the activity of diamine oxidases (DAO; EC 1.4.3.6 )
and polyamine oxidases (PAO; EC 1.5.3.11); the former have substrate preference for
diamines and the latter for higher PAs. In plants where Put is often the major diamine,
DAOs catalyze its oxidation into 4-aminobutanal with concomitant production of H2 O2
and

N H 3

(Fig. 2). The 4-aminobutanal is then converted into GABA (through A1-

pyrroline) whose oxidized product is succinic acid, which enters the TCA cycle for
further processing. This pathway for recycling of the carbon skeleton of PAs is known as
the GABA shunt. On the other hand, oxidation of higher PAs (Spd and Spm) is brought
about by PAOs (Fig. 2a). In animals, Spm is easily converted into Spd, and Spd into Put,
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via acetylation by Spd/Spm N 1-acetyl-transferases (SSAT; EC 2.3.1.57) followed by
oxidation by PAOs (Fig. 2b). It appears that the PAO expression is constitutive while the
SSAT expression is tightly regulated by PAs (Moschou et al., 2008a; Casero and Pegg,
2009; Tavladoraki et al., 2012). The acetyl-PA pathway in animals is thus believed to be
not only a means of regulating Spd and Spm levels but also a source of Put under
conditions of its depletion. The occurrence of acetylated PAs is rare in plants (De Agazio
et al., 1996; Moschou et al., 2008a; Tavladoraki et al., 2012), and the plant PAOs use
non-acetylated PAs as substrates. The catabolism of Spd and Spm occurs by two groups
of PAOs: one with cytosolic localization, which are involved in the terminal catabolism
of PAs into 4-aminobutanal and N-(3-aminopropyl)-4-aminobutanal, which, in turn,
cyclise spontaneously into A'-pyrroline and l-(3-aminopropyl)-pyrroline, respectively
(Duhaz6 et al., 2002; Cona et al., 2006). The second group of plant PAOs are present in
the peroxisome; they catalyze the back conversion of Spm into Spd or/and Spd into Put.
They resemble the mammalian PAOs except that their substrates are non-acetylated PAs
(Moschou et al., 2008a; Tavladoraki et al., 2012).
The Importance of Polyamine Oxidation in Plants
It has been suggested that DAOs and PAOs in plants are physiologically associated
with different plant developmental phases and differentiation processes (germination, cell
wall strengthening/rigidity, root development, fruit ripening and senescence, etc.) as well
as defense mechanisms against abiotic and pathogen stresses. These roles are quite
different from their roles in animals where they mostly regulate PA catabolism. In fact,
the specific functions of these enzymes are definitely linked to the catabolic products of
PAs; i.e. H2 O2 and GABA (Angelini et al., 2010; Tavladoraki et al., 2012). Actually,
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GABA is an important metabolite rapidly synthesized in response to stresses (Angelini et
al., 2010; Shelp et al., 2012). GABA is known to be associated with a variety of
physiological processes, such as carbon fluxes into TCA cycle, cell signaling, and
protective role against oxidative stress. Besides PA oxidation, GABA is also produced
directly from Glu by glutamate decarboxylase (GAD; EC 4.1.1.15) in plants (Fig. 2a).
Yang et al. (2011) have observed a significant increase of DAO activity in germinating
seeds of fava bean (Vicia faba) with higher activity localized in shoots. They further
demonstrated that 30% of GABA formation under this condition was derived from PA
oxidation pathway and the remainder from Glu by GAD. The involvement of GABA
(specifically produced from PA oxidation) in defense mechanism against salt stress was
also proposed by Xing et al. (2007). In addition, H2 O2 produced from PA oxidation
functions as a signal molecule triggering a diversity of plant physiological responses.
During plant stress response, H2 O2 derived from PA catabolism was suggested to play a
role in root xylem differentiation (Tisi et al., 2011). More recently it has been proposed
that the cellular PAS/H2 O2 balance together determine the fate of the cells in response to
salinity in tobacco leading to either programmed cell death (PCD), when PA catabolism
is predominant over anabolism, or tolerance to stress under the opposite scenario
(Angelini et al., 2010; Tisi et al., 2011). This balance is modulated by PA oxidation
through DAO and PAO. Additionally, it has been speculated that H2 O2 generated from
PA catabolism serves as a mediator in ABA signal transduction network in stomatal
closure and the stress responsive process (Angelini et al., 2010; Wimalasekera et al.,
2011). Furthermore, NO, which is also a signaling component in a wide range of
functions in plants, has been proposed as a potential link in PA-mediated stress response;
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NO production can compete with PA biosynthesis from Arg. The production of NO in
this phenomenon was speculated to occur by an unidentified pathway. It is quite possible
that it could be generated from PAs by DAO and PAO (mediated by H 2 O2 ), which is
known to activate upstream NO synthesis under certain stimuli (Wimalasekera et al.,
2011).
Past Research on Polyamine Metabolism in our Lab
Our lab has extensively studied PA metabolism and its regulation in plants via
transgenic manipulation and promoter::reporter approach during the past two decades.
Transgenic tobacco plants constitutively expressing mODC showed significantly elevated
ODC activity and 4-10 fold increase in Put level as compared to non-transformed control
(DeScenzo and Minocha, 1993). Expression of the same mODC in carrot (Daucus carota
L.) cells resulted in 10-20-fold increase in Put content compared to wild type cells. The
Spd titer was unaffected whereas Spm was lower in some transgenic cell lines. The
altered PA titers, on the other hand, also improved somatic embryogenesis in transgenic
cells (Bastola and Minocha, 1995). The rate of Put catabolism as well as its conversion
into higher PAs was elevated in transgenic cells but no compensatory effect was observed
on native ADC pathway (Andersen et al., 1998).
Transgenic mODC poplar (Populus nigra x maximowiczii) cell lines have also been
produced and used extensively for PA metabolic studies. A 3- to-10 fold increase in Put
content was observed in transgenic (called HP) cells as compared to control cells (WT
non-transgenic, i.e. NT or GUS transgenic), which was accompanied by increased Put
catabolism; however, there was no change in DAO activity in these cells (Bhatnagar et al.,
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2001, 2002). Also, the native ADC activity was not affected by the accumulation of Put
in HP cells (Bhatnagar et al., 2001). The ACC and ethylene production were comparable
in HP and the control cells, which suggested no competition between PA and ethylene
biosynthetic pathways in poplar cells (Quan et al., 2002). Although a small increase in
Spd was seen in HP cells, neither the catabolism rate of Spd nor that of Spm was affected
(Bhatnagar, 2002). Physiologically, greater plasma membrane permeability, increased
amounts of soluble protein, enhanced tolerance to KNO3 , and more susceptibility to
N H 4N O 3

were seen in the HP cells compared with NT cells (Minocha et al., 2004).

Increased Put production also up-regulated the expression of ADC, SAMDC2 and SPDS2
genes in HP cells with concomitant down-regulation of the other paralogues of these
genes (Page et al., 2007). Increased Put catabolism in HP cells apparently led to
accumulation of H2 O2 accompanied with up-regulation of oxidative stress related
enzymes (e.g. glutathione reductase and monodehydroascorbate reductase), thus a
negative influence on the oxidative state of HP cells was observed (Mohapatra et al.,
2009), which might have conferred a lower tolerance of these cells to low Ca in terms of
mitochondrial activity and growth. However, in response to Al treatment, HP cells
exhibited an apparent advantage over the control cells, which was explained by reduction
in its uptake and increase in its extrusion (Mohapatra et al., 2010a). There also was a
reduction in Put catabolism due to the down-regulation of its biosynthesis under Al
treatment. Additionally, increases in the cellular contents of GABA, Ala, Thr, Val and lie
as well declines in several amino acids (e.g. Glu, Gin, His, Arg, Ser, Gly, Phe, Trp, Asp,
Lys, Leu, Cys, and Met, and already low Om) were found in HP cells, with C and N
assimilation being up-regulated concomitantly (Mohapatra et al., 2010b). Study on the
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expression of ODC and ADC biosynthetic genes in the same cell lines revealed that
increased utilization of Om by mODC did not change the expression of genes in GluOm-Arg pathway. It was postulated that apparently biochemical regulation controls this
pathway rather than gene regulation (Page et al., 2010).
Both constitutive and inducible expression of mODC in Arabidopsis resulted in
considerable increase in Put content (up to SO fold) with only small changes in Spd and
Spm. The over-production of Put also led to some physiological changes (e.g., delayed
flowering, increased FW and DW, higher silique number and higher chlorophyll content)
as well as biochemical alterations in amino acid contents and N and C assimilation.
Ornithine was proposed as a regulatory molecule in PA metabolism based on a
significant decrease in Om availability to ODC in HP lines (Majumdar, 2011).
To study the regulation of PA biosynthetic genes, promoter-GC/S fusion constructs
for ADC (AtADCl and AtADC2), SAMDC (AtSAMDCl through AtSAMDCS) and
(t)SPMS (AtSPDS3 and AtSPMS) gene families in Arabidopsis have been produced. Gene
expression in different organs/tissues has been studied at different developmental stages
as well as in response to some abiotic stresses which revealed varied expression patterns
among different gene families and homologues within the same family (Mitchell, 2004;
Challa, 2006; Rice, 2006; Majumdar, 2011).
Analysis of Gene Expression using P-Glucuronidase as a Reporter
The f$-glucuronidase (GUS, EC 3.2.1.31) gene is widely used as a reporter gene to
analyze the activity of promoter sequences in plants using the approach called
promoter:reporter fusion. The GUS protein is quite stable with a relatively long half-life
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(estimated to be 2 to 4 days) in various tissues/organisms (Mantis and Tague, 2000;
Miyamoto et a l, 2000), which makes it a good candidate to study gene activation as well
as to detect weak promoter activity. However its usefulness for detection of gene
inactivation, especially within a short time, is limited due to the long half-life of this
protein. For the same reason, it is often not possible to distinguish between strong
promoter activity for a short time and a weak but prolonged promoter activity during
which time the protein might accumulate. Consequently, the results of conditional and
temporal gene regulation are difficult to interpret using GUS as a reporter gene. However,
such temporal and conditional responses of plants commonly occur in nature to adapt to
different environmental changes (e.g., short term responses to abiotic stresses or
wounding) or during certain developmental stages (response to phytohormones). These
physiological responses involve both up and down-regulation of genes. The availability
of a relatively short-lived GUS protein would greatly broaden the applications in which
GUS can be utilized as a reporter to study both up- and down- regulation of gene
expression within short time periods of treatment/response. While there are several
approaches (see Chapter IV below) to experimentally modulate the turnover of a protein,
I attempted to achieve this by fusing the GUS protein (sequence) with a known
destabilizing C-terminal amino acid sequence of the native mODC protein; a.k.a. the
PEST region (rich in Pro, Glu, Ser and Thr).
Based on the paucity of research on the expression of PA biosynthetic genes,
genetic manipulation of Spd and Spm contents, the regulation of PA catabolism in plants,
and the need for the availability of a GUS protein with faster turnover rates, I initiated my
thesis research with the following objectives:
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1. To examine the developmental and cellular expression patterns of AtSPDSl and
AtSPDS2 during the entire life of Arabidopsis thaliana.
2. To examine the effects of over-expression of AtSPDSl (alone or in combination
with SAMDC and ODC) on PA metabolism in A. thaliana by using an inducible
promoter.
3. To study the effect of altered endogenous Put titer on the turnover of PAs in A.
thaliana under conditions of inducible expression of mODC.
4. To attempt to produce a relatively less stable GUS protein via the addition of a
peptide sequence that is known to enhance the degradation of mODC.

t
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MATERIALS AND METHODS

Genomic DNA Isolation
Genomic DNA was isolated from Arabidopsis seedlings/leaves using UltraClean
Plant DNA Isolation Kit (MO BIO, Carlsbad, CA, Cat # 13000-50) using protocol
suggested by the manufacturer. Briefly, about 5 to 500 mg of plant tissue was added into
each bead solution tube containing 60 fiL of solution PI. The bead solution tube was
incubated in water bath at 60°C for 10 min and vortexed for 10 min. Following
centrifugation at 10,000 xg for 30 sec, the supernatant was transferred into a clean
collection tube and mixed with 250 piL of solution P2. After 5 sec vortexing, the
collection tube was incubated at 4°C for 5 min and spun at 10,000 xg for 1 min. The
supernatant was transferred into a clean collection tube, mixed with 1.0 mL of solution
P3 and vortexed for 5 sec. The contents were loaded onto the spin filter and centrifuged
at 10,000 xg for 30 sec. The flow through was discarded, 300 fiL of P4 solution was
added into the spin filter, and spun again at 10,000 xg for 30 sec. The spin filter was
placed in a clean collection tube and 50

of solution P5 was added to the white filter

membrane. The DNA was eluted by a 30-sec centrifugation.
Plasmid DNA Isolation
Plasmid DNA was isolated from E. coli cultures using Zyppy™ Plasmid Miniprep
Kit (Zymo Research, Irvine, CA, Cat # D4020). Overnight bacterial cultures (3.0 mL)
were pelleted at 10,000 xg for 30 sec. The pellet was resuspended in 600 /<L of sterile
water followed by the addition of 100 fiL of Lysis Buffer. The tubes were inverted gently
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to mix and then 350 y L of Neutralization Buffer was added. The tubes were inverted
several of times and centrifuged for 5 min at 14,000 xg. The supernatant was transferred
into the Zymo-Spin™ column attached to a collection tube. The column assembly was
centrifuged for 15 sec and the flow-through was discarded. This was followed by two
washes, each with 200 y L of Endo-Wash Buffer for 15 sec and 400 pL of Zyppy™ Wash
Buffer for 30 sec, respectively. The column was transferred into a clean 1.5 mL
microcentrifuge tube, 30 y L of Zyppy™ Elution Buffer was added to the column matrix
and incubated for one min at room temperature. The plasmid DNA was eluted by
centrifugation for 15 sec and stored at -20°C. DNA was quantified by NanoDrop 2000C
spectrophotometer (Thermo Scientific, Waltham, MA) and purity was determined by
A2 6 0 /2 8 0 and A2 3 0 /2 6 0 ratios. In some cases, a different plasmid isolation kit was used (e.g.
from Promega); in that case, the manufacturer’s protocol was followed.
Polymerase Chain Reaction (PCR)
A typical PCR was performed using Takara Ex Taq™ Polymerase (Clontech Lab,
Mountain View, CA, Cat # TAK RR001A) to generate products with 3’-A overhangs for
downstream TA cloning or Phusion® High-Fidelity DNA Polymerase (New England
BioLabs, NEB, Ipswich, MA, Cat # M0530S) to generate products with blunt ends. The
PCR was performed in a volume of 50 y L which contained the following reagents: 1.25
units of Takara Ex Taq DNA polymerase or 1 unit of Phusion® DNA Polymerase, lx
buffer (+Mg2+), 200 yM final concentration of dNTP mix, 0.2 yM final concentration
each of forward and reverse primers, and 10-50 ng of total plasmid DNA or 100-150 ng
of genomic DNA. Reactions were run in a PTC™ 100 Programmable Thermal Controller
(MJ Research Inc., Waltham, MA). The PCR conditions were initial activation at 94°C
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for 1 min, followed by 30 cycles of denaturation at 94°C for 30 sec, annealing
(temperature varied for specific reactions) for 1 min and elongation at 72°C for
appropriate time depending on the length of the product (0.5-1 min/kb), followed by a
final extension at 72°C for 2 min. Variations of this standard protocol are described
where needed. All primers were designed using PRIMER 3 program (Rozen and
Skaletsky, 2000) and OLIGO primer analysis software (Offerman and Rychlik, 2003)
based on the sequences of specific genes (Table 1) and synthesized by IDT (Coralville,
IA) and their sequences are shown in Table 2 and Table 3.
Agarose Gel Electrophoresis
Gel electrophoresis was performed by using 1% Seakem LE agarose (Lonza,
Allendale, NJ, Cat # 50000) (or equivalent) dissolved in lx TAE buffer (40 mM Trisacetate, 1 mM EDTA). Prior to loading, samples were mixed with 6 x gel loading dye
(NEB, Cat # B7021S) containing EDTA and then electrophoresed at 90-100 V for 1 h
along with appropriate DNA size standard (NEB TriDye 2-log DNA Ladder, Cat #
N3270S) in adjacent lane. The gel was stained in 0.5 pig mL' 1 of ethidium bromide for 15
min and subsequently de-stained for 5 min in distilled water. The gel was visualized and
photographed using a gel-documentation system (Nucleotech, San Mateo, CA) or
(Fotodyne Incorporated, Hartland, WI). The sizes of DNA fragments were estimated with
reference to appropriate DNA ladder.
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Table 1. Annotation of genes involved in cloning or QRT-PCR in the study (derived
from NCBI).

Gene

Organism

Accession Number

Spermidine Synthase 1

Arabidopsis thaliana

NM J02230

Spermidine Synthase2

Arabidopsis thaliana

NM_105699

TIP41 Like protein

Arabidopsis thaliana

NM_119592

Ornithine Decarboxylase

Mus musculus

NM_013614.2

S-adenosylmethionine decarboxylaseomithine decarboxylase

Plasmodium
falciparum

XM_001347570

Beta-Glucuronidase

Escherichia coli

NC_013941.1
NC_017663.1
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Table 2. Sequences of primers used for cloning, QRT-PCR (Alcdzar et al., 2006),
sequencing and screening purposes.
Primer Name
SPDS1 FI
SPDS1 F2
SPDS1 F3
SPDS1 5’UTR
SPDS1 R2
SPDS2 FI
SPDS2F2
SPDS2 5’UTR
SPDS2 R2
SPDSlcds F
SPDSlcds R
SOE-C-GUS F
SOE-C-GUS R
SOE-C-PEST F
SOE-C-PEST R
SOE-N-GUS F
SOE-N-GUS R
SOE-N-PEST F
SOE-N-PEST R
N-fusion-Fl
N-fusion-F2
N-fiision-F3
N-fusion-Rl
N-fusion-R2/R3
C-fiision-F
C-fiision-Rl
C-fusion-R2
C-fusion-R3
SPDSlqFl
SPDSlqRl
SPDS2qFl
SPDS2qRl
TDP41qF
TIP41qR

Sequence
5-AGATGACTAAGGACGGTACTGGAAG-3'
5-TGAACCTGCCAAGTATGACG-3’
5'-AGCTTTGAACCCACAAGAGC-3'
5 '- r r r r iT A T T C A C iT T n .r n c A A C G r - 3 '

5'-TAGGGTTTGTGAGAGGTGGTG-3'
5'-CGCAAGTGGCTATTTTTGTC-3'
5-TCCATCAACCAAAACGTGAA-3'
5'-GGATTGAAGAAGAGAGACAGTGAG-3'
5'-CTCTCCTCCACCGTTCTCTG-3'
5 ’-CACCATGATATTTTCAGTTGTACGC-3 ’
5 ’-TCAATTGGCTTTTGACTCAATG-3 ’
5’-A T G TT A C G T C C T G T A G A A A C C C C A A C C C G T G A A A T C -3 ’
5 ’-GCTCTGGATCTGCTTCATTTGTTTGCCTCCCTGCTG-3 ’
5 ’-CAGCAGGGAGGCAAACAAATGAAGCAGATCCAG-3 ’
5’-C TA C A C A T T G A T C C T A G C A G A A G C A C A G G C T G C A G G -3 ’
5 ’-ATGTGGCAACTCATGAAGCAGATCCAGAGC-3 ’
5’- G G G TTTC TA C A G G A C G T A A C A C A T T G A T C C T A G C A G -3 ’
5’-C T T C TG C TA G G A TC A A TG TG TTA C G TC C T G TA G A A A C -3 ’
5’- TCATTGTnGCCTCCCTGCTGCGGTT-3’
5 ’-CACCATGAAGCAGATCCAGAGC-3 ’
5 ’-CACCATGCTGCCCATGTCTTGTG-3 ’
5 ’-CACCATGGACCGTCACCCTGC-3 ’
5 ’-TCATTGTTTGCCTCCCTGCT-3 ’
5’- TCATTGTTTGCCTCCCTGCTGC-3 ’
5 ’-CACCATGTTACGTCCTGTAGAAAC-3 ’
5 ’-CTACACATTGATCCTAGCAGAAGC-3 ’
5’-TCAGTCCATCCCGCTCTCCT-3 ’
5’-TCAATCATCCTGCTCCTCCAC-3 ’
5’-AATCACCACCTCTCACAAACCC -3 ’
5 ’-TCGGTGGCAGAGGTTTCTTTA-3 ’
5 ’-TTGCCCGTGAAGAGACCTAGA-3 ’
5 ’-TCCACCGTTCTCTGTTTCCAT-3 ’
5 ’-CGAGGTTTACGCATCCATGA-3 ’
5 ’-TCGACAGCGAGAGAAGTGAGAA-3 ’

(Continued on Page 32)
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Table 2. (Continued from Page 31)
Primer Name
pMDC7screenF
pMDC7screenR
ODC-SAMDC F
ODC-SAMDC R
mODCF
mODCR
SPDS1 transF
SPDS1 transR
ODC-SAMDC RT-F
ODC-SAMDC RT-R
M 13F
M13R

Sequence
5 ’-ATCATCCCCTCGACGTACTG-3 ’
5 ’-ACCGATGATACGGACGAAAG-3 ’
5 ’- ATGAACGGAATTTTTGAAGGA-3 ’
5’- TTACCAATGTTTGTTTGGTTGC-3 ’
5 ’-GAACCATGGGCAGCTTTAC-3 ’
5 ’-CTACTACATGGCTCTGGA-3 ’
5'-GCATTCTGCTTGCCTTCTTTCGCC-3 ’
5'-AAGAAAGCTGGGTCGGCGCG-3 ’
5'-GCTGGGGCATACACTTTTGTCAGC-3 ’
5'-ACCAATGTTTGTTTGGTTGCCCCTT-3 ’
5 '-GTAAAACGACGGCCAG-3'
5 -CAGGAAACAGCTATGAC-3'
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Table 3. List of all primers used for cloning, QRT-PCR (Alcdzar et al., 2006),
sequencing and screening purposes.
Purpose
Clone of AtSPDSl-A promoter
Clone of AtSPDSl-B promoter
Clone of AtSPDSl-C promoter
Clone of AtSPDSl-D promoter
Clone of AtSPDSl -E promoter
Clone of AtSPDSl -F promoter
Clone of AtSPDS2-A promoter
Clone of AtSPDS2-B promoter
Clone of AtSPDS2-C promoter
Clone of AtSPDS2-D promoter
AtSPDSl QRT-PCR
AtSPDS2 QRT-PCR
AtTIP41 QRT-PCR (normalization)
Inducible AtSPDSl RT-PCR
Clone of GUS for PEST-GUS N-fusion
Clone of PEST for PEST-GUS N fusion
SOE PCR of PEST-GUS for N fusion
Clone of GUS for GUS-PEST C-fiision
Clone of PEST for PEST-GUS C fusion
SOE PCR of GUS-PEST for C fusion
Clone of N-PEST-GUS-l sequence
Clone of N-PEST-GUS-2 sequence
Clone of N-PEST-GUS-3 sequence
Clone of GUS-PEST-C-l sequence
Clone of GUS-PEST-C-2 sequence
Clone of GUS-PEST-C-3 sequence
Clone of AtSPDSl CDS
Screening of inducible AtSPDSl
transgenic T 1 generation
Clone and screening for PfODCSAMDC gene
Clone and screening for mODC gene
PfODC-SAMDC RT-PCR
Sequencing insert in TOPO vector

Primer(s)

Annealing
Tm (°C)
60.4
SPDS1 F1/SPDS1 5'UTR
SPDS1 F1/SPDS1 R2
60.4
60.4
SPDS1 F2/SPDS1 5'UTR
60.4
SPDS1 F2/SPDS1 R2
62
SPDS1 F3/SPDS1 5’UTR
60.4
SPDS1 F3/SPDS1 R2
SPDS2 F1/SPDS2 5’UTR
58.7
SPDS2 F1/SPDS2R2
58.7
62
SPDS2 F2/SPDS2 5’UTR
SPDS2 F2/SPDS2 R2
58.7
SPDS lqFl/SPDS lqR 1
60
SPDS2qFl/SPDS2qRl
60
TIP4 lqF/TIP41qR
60
SPDS1 trans F/ SPDS1 trans R
50
75.6
SOE-N-GUS F/ SOE-N-GUS R
SOE-N-PEST F/ SOE-N-PEST R 77
SOE-N-PEST F/ SOE-N-GUS R 77
82
SOE-C-GUS F/ SOE-C-GUS R
SOE-C-PEST F1SOE-C-PEST R 83
SOE-C-GUS FI SOE-C-PEST R 83
N-fusion-Fl/ N-fusion-Rl
63
N-fusion-F2/ N-fusion-R2/R3
70
70
N-fiision-F3/ N-fiision-R2/R3
C-fusion-F/ C-fusion-Rl
63
C-fusion-F/ C-fusion-R2
63
C-fusion-F/ C-fusion-R3
63
SPDSlcds F/ SPDSlcds R
56
pMDC7screenF/ pMDC7screenR 61
ODC-SAMDC F/ODC-SAMDC
R
mODC F/mODC R
ODC-SAMDC RT-F/ODCSAMDC RT-R
M13 F/M13 R

33

60
60
50
NA

Gel Purification of DNA
DNA purification from agarose gel was done by using UltraClean® GelSpin® DNA
Extraction Kit (MO BIO, Cat # 12400-50). Desired DNA band was cut from the agarose
gel and weighed in micro-centrifuge tube. Three volumes of Gelbind buffer were added
to the tube (e.g., 300 p L to 100 mg gel) followed by a two-minute incubation at 55°C
with several inversions. The melted gel solution was loaded into the spin filter and
centrifuged for 10 sec at 10,000 xg. The collection containing the flow-through was
votexed for 5 sec with the spin filter being removed. The flow-through was reloaded into
the spin filter and the centrifugation repeated. After discarding the flow-through, the spin
filter was replaced on the collection tube. A wash step with 300 n L of Gelwash buffer
and a 10-sec centrifugation at 10,000 xg followed sequentially. The spin filter was
centrifuged for additional 30 sec after the flow-through was discarded. The filter was
transferred to a clean collection tube and 50 p L of Elution Buffer added on the center of
the filter membrane. DNA was eluted by centrifuging at 10,000 xg for 30 sec.
Cloning Reaction
Amplification products

of PCR were typically cloned

using Invitrogen

pCR®8 /GW/TOPO® TA Cloning Kit (Life Technologies, Grand Island, NY, Cat #
K250020), pENTR™ Directional TOPO® Cloning Kit (Cat # K2400-20) or pCR®2.1
TOPO® TA Cloning® Kit (Cat # K4560-40) following the manufacturer’s directions. A
total volume of 6.0 piL containing 2.0 fiL of fresh PCR product, 1.0 piL of salt solution,
0.5 ftL TOPO vector, and 2.5 p L of water was incubated at room temperature (22-23°C)
for 5-10 min and then used for bacterial transformation or stored at - 20°C.
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Gateway LR Recombination Reaction
Invitrogen Gateway LR Clonase II enzyme Mix (Life Technologies, Cat # 11791020) was used according to the manufacturer’s directions. The reaction mix contained
100 ng of entry TOPO vector, 150 ng of destination vector (specific details as described
in each chapter on vectors) and TE buffer brought to a final volume of 8.0 piL. A volume
of 2.0 ]iL of LR Clonase II enzyme mix was added into each reaction as the final step and
the tubes were incubated at 25°C for 1 h. The reaction was terminated by addition of 1.0
piL of the Proteinase K solution and incubation at 37°C for 10 min. The reaction mixture
was used for bacterial transformation or stored at - 20°C.
Bacterial Culture
Liquid cultures of Escherichia coli and Agrobacterium tumefaciens were grown in
Luria Broth medium (USB, Cleveland, OH, Cat # 75854). For solid cultures, 1.3% agar
(USB, Cat # 10906 5 LB) was added to the medium before autoclaving. Cultures of E.
coli and A. tumefaciens were incubated at 37°C for 18 h and 28°C for 24 to 48 h,
respectively. Liquid cultures were grown on a shaker at 250 rpm.
Preparation of Electrocompetent Bacterial Cells
Overnight culture (3 mL) of A. tumefaciens GV3101 was inoculated in 400 mL LB
medium and incubated at 28°C with vigorous shaking until the A^oo reached 0.5±0.1. The
culture was then divided and centrifuged in two pre-chilled centrifuge bottles at 4000 xg
for 10 min at 4°C and resuspended in 200 mL sterile ice-cold water after decantation of
supernatant. The centrifugation was repeated twice and the pellets were resuspended in
100 mL of ice-cold water and 10 mL of sterile ice-cold 10% glycerol, respectively. The
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cells were combined, centrifuged and resuspended in 2 mL sterile ice-old 10% glycerol.
Resuspended cells were quickly distributed in 50 /*L aliquots into sterile microfuge tubes,
frozen immediately in liquid nitrogen, and stored at -80°C.
Restriction Digestion and Ligation
Restriction enzymes from New England Biolabs were used for digestion using the
manufacturer’s directions. Typically, digestions were done in a reaction volume of 10 jth
containing lx buffer, lx bovine serum albumin (if required), 2 units//*g DNA of
restriction enzyme, 300-500 ng of DNA and brought up to volume by sterile distilled
water. The reaction was incubated for 2-3 h at specified temperature according to the
Manufacturer’s recommendation and used immediately or stored at -20°C.
DNA ligation was performed by using T4 DNA ligase (NEB, Cat # M0202S). A
reaction volume of 20 piL included lx ligase buffer, 1.0 /*L of T4 DNA ligase, and up to
50 ng of vector and insert DNA with a molar ratio of 1:3. The reaction was incubated at
16°C for 12 h and used for bacterial transformation.
Bacterial Transformation
Chemically competent cell transformation
Chemically competent E. coli TOP10 or Machl™-TlR(Invitrogen, Cat # C8620-03)
were generally used for transformation. One or two /*L of plasmid DNA or cloning
reaction mix was added into 50 piL of competent cells and mixed gently by flicking. The
vial was incubated on ice for 10-20 min, heat-shocked at 42°C for 30 sec and
immediately transferred to ice. After adding 250 /*L of S.O.C. medium (Invitrogen, Cat #
15544-034), the cells were incubated on a shaker (200 rpm) at 37°C for 1 h. Aliquots of
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50 to 150 piL were spread on pre-warmed LB plates supplemented with appropriate
antibiotic for selection. Plates were incubated at 37°C overnight.
Electroporation
A model 2510 electroporator (Eppendorf, Hauppauge, NY) was used for
electroporation of homemade electrocompetent cells of A. tumefaciens strain GV3101.
Generally, 1.0-2.0 ptL (0.1-10 ng) of plasmid DNA was added to 50 ptL of competent
cells thawed on ice. The mixture was transferred to pre-chilled cuvette (1 mm gap) and
electroporated at 1800 V according to the manufacturer’s instruction. This was followed
by addition of 500 jiL S.O.C. medium immediately and incubation at 28°C with gentle
shaking for 2-3 h, before spreading on solid LB medium with appropriate antibiotic;
plates were incubated at 28°C for 48 h.
DNA Sequencing and Sequence Analysis
A total volume of 6.0 jiL of the sequencing reaction contained 300 ng of plasmid
DNA and 5 pmol of either forward or reverse sequencing primer (Table 2, Table 3). The
sequencing was done at UNH Hubbard Genome Centre on the platform of ABI3130
genetic analyzer (Applied Biosystems, Foster City, CA) and the results were aligned and
analyzed with the target sequences using BioEdit Sequence Alignment Editor (Hall,
1999).
Glycerol Stocks
For preparing glycerol stocks, 800 piL of liquid cultures (grown overnight as
described) and 200 piL of sterile glycerol were mixed thoroughly in cryo-vials. The
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stocks were stored at -80°C. Stocks were checked for survival by streaking on LB plates
one month after.
Plant Growth Conditions and Floral-dip Transformation
Arabidopsis thaliana ecotype Columbia seeds were sown in pots filled with 3 parts
Scott’s 360 Metro-Mix (Scotts Company, Marysville, OH) and 1 part of perlite. Pots
were placed in a tray containing water and covered with plastic dome to maintain
humidity. A 48-h incubation at 4°C in the dark was used for stratification before the pots
were moved into growth chamber (21°C, 18 h photoperiod, 80±10 pE m'2 s*1). Plastic
dome was partially removed after 3-5 days and completely removed after about a week;
the plants were watered twice a week thereafter. Miracle-Gro (at !4 strength - Scotts
Company) synthetic fertilizer was supplied in water once a week.
For growth in Petri dishes, approximately 40 mg of seeds were placed in a 1.5 mL
microfiige tube and sterilized in 1.0 mL of 70% ethanol and a drop of filter sterilized 10%
Triton X-100 for 5 min with occasional agitation. The seeds were washed twice with 100%
EtOH, with and without Triton X-100, respectively, and dried in a laminar flow hood.
Sterile seeds were plated on Petri dishes with germination medium [GM: 4.3 g/L
Murashige and Skoog (Murashige and Skoog, 1962) basal salts (Sigma, St. Louis, MO,
Cat # M5524-50L), 0.5g/L MES, 1 g/L sucrose, 1x Gamborg’s vitamins (Sigma, Cat #
G1019-50ML) and 0.8% type A agar (w/v)]. Medium was adjust to pH 5.7 with 0.1 N
KOH and autoclaved. Hygromycin (75 pg/mL) was added to the medium after cooling to
60°C for screening transgenic plants. Approximately 200 seeds were spread on each dish.
The dishes were wrapped with aluminum foil, and seed stratification was performed at
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4°C for 48 h. Petri dishes were moved to growth chamber (25°C, 12 h photoperiod, 80±10
pE m'2 s'1).
The plants were transformed by A. tumefaciens strain GV3101 containing the
appropriate plasmids using modified floral dip method of Clough and Bent (1998). For
each transformation, 3 pots were prepared one week prior to dipping by clipping primary
bolts to encourage synchrony in branching and flowering. A 200 mL culture of
Agrobacterium was started in LB supplemented with appropriate antibiotic (50 //g/mL
kanamycin or 100 /ig/mL spectinomycin) grown for 24 h at 28°C at 250 rpm. The culture
was centrifuged at 5,000 xg, 4°C for 10 min and the pellet was re-suspended in
appropriate volume of 5% (w/v) sucrose with 0.05% final concentration of L-77 Silwet
(Vac In Stuff, Cat # VIS-02) to achieve an O.D . 6 0 0 value of 0.8 ± 0.2. The unopened
flower buds along with flowers were dipped into this bacterial solution for 8-10 sec
avoiding contact with the basal leaves and soil. The pots were laid on their sides on a flat
overnight and covered with clear plastic to maintain humidity. The next day, plants were
rinsed thoroughly with tap water and moved to the plant growth chamber. The plants
were re-dipped in a similar way after a week. Ti seeds were harvested from each pot
separately after the siliques matured. Seeds were desiccated at room temperature for 5-7
days and stored at 4°C.
Cross Pollinations
Selected homozygous parent plants (F0) were grown under normal conditions till
flowering. Unopened flowers from acceptor (female parent) right before the petals
become visible were selected and all other flowers from the same inflorescence were cut
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off. All parts of the selected flowers except pistil were removed by using fine forceps
under a dissecting microscope as rapidly as possible to avoid desiccation. Anther from
donor (male parent) was removed and brushed on the stigma of the acceptor several times
to ensure proper pollination. The pollinated stigma was wrapped with Saran-wrap to
maintain moisture with spacers to accommodate silique development. After about 5 days,
Saran-wrap was removed. Fi seeds were collected once the silique was dry but before it
opened.
Generation of Callus and Suspension Culture
Two-week old seedlings grown on GM were transferred onto callus induction
medium (MS basal salts with Gamborg’s vitamins, 20 g/L sucrose, 2.0 mg/L 2,4- D and
0.8% type A agar, adjusted to pH 5.8) and kept under normal growth conditions as
described above (Gleddie, 1989). After one month, rapid growing, friable callus from
explants was transferred into 50 mL liquid callus induction medium to establish callus
suspension cultures. The cultures were maintained on shaker (140 rpm) at 25°C, under a
12 h photoperiod (80±10 piE m' 2 s'1). Cells were subcultured (on weekly'interval) by
transferring 7.0 mL of old suspension culture into 50 mL of fresh medium. Cells were
maintained in solid medium by monthly subculture. Hygromycin (50 /ig/mL) was added
to the medium for transgenic lines.
P>Glucuronidase (GUS) Histochemical Assay
Seedlings or plant organs were collected and submerged in GUS stain [1.0 mM 5bromo-4-chloro-3-indoyl-p-D-glucuronide (Research Products International Corp.,
Mount Prospect, IL, Cat # B72100), 1.0 mM potassium ferricyanide, 1.0 mM potassium
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ferrocyanide, 100 mM sodium phosphate buffer pH 7.0,5.0 mM EDTA, 0.1% Triton X100 and 20% methanol] and kept under low vacuum in a vacuum desiccator for 5 min.
The samples were incubated at 37°C overnight. The stain (substrate) solution was
removed and replaced with 70% ethanol to remove chlorophyll. Representative
photographs were taken using an Olympus C650 digital camera mounted on an Olympus
SZX9 dissecting microscope.
RNA Isolation and cDNA Synthesis
Plant samples (~100 mg FW) collected in liquid nitrogen were stored at -80°C or
used for total RNA extraction immediately using the ZR Plant RNA MiniPrep™ Kit
(Zymo, Cat # R2024). Frozen samples were removed from liquid nitrogen, ground
quickly with addition of 800 fiL of RNA lysis buffer and centrifuged for 1 min at 12,000
xg. 400 fiL of the supernatant was transferred into Zymo-Spin™ IIIC column on top of a
collection tube and spun for 30 sec at 8,000 xg. A 0.8 volume of 100% ethanol was added
into the flow-through, the mix was transferred to a Zymo-Spin™ IIC column and
centrifuged for 30 sec at 12,000 xg. The flow-through was discarded and in-column
DNase treatment was done using RQ1 RNase-Free DNase (Promega, Madison, WI, Cat #
M610A) at 37°C for 20 min. After incubation the column was centrifuged for 30 sec at
12,000 xg, washed twice with 400 \iL of RNA Prep buffer and 800 fiL of RNA wash
buffer for 1 min and 30 sec, respectively at 12,000 xg. The wash step with RNA wash
buffer was repeated and the column was transferred to a DNase/RNase-free collection
tube. DNase/RNase-free water (25 fiL) was added to the column matrix, the column
incubated at room temperature for 30 sec, and RNA was eluted by centrifugation for 30
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sec at 10,000 xg and quantified using NanoDrop 2000C. RNA sample was stored at 80°C or used for cDNA synthesis immediately.
RNA samples were reverse transcribed to first strand cDNA using qScript™ cDNA
SuperMix kit (Quanta Biosciences, Gaithersburg, MD, Cat # 95048-100). A 20 piL cDNA
synthesis reaction contained lx cDNA SuperMix, 1.0 fig of total RNA, and final volume
made up with RNase/DNase-free water. The reaction was run in a PTC™ 100 Thermal
Cycler at the following conditions: 5 min at 25 °C, 30 min at 42 °C and 5 min at 85 °C.
The resultant cDNA was stored at -20 °C before QRT-PCR analysis.
Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR)
The cDNA was quantified by SYBR-green dye based assay. A 10 fiL reaction
contained 5.5 p L of SYBR-Green FastMix, Low ROX (Quanta Biosciences, Cat #
95074-250), a final concentration of 50 nmol each of the forward and reverse gene
specific primers (Table 2, Table 3) and an appropriate amount of cDNA (up to 100 ng of
corresponding total RNA). The reactions were run in MicroAmp™ Fast Optical 96-well
reaction plates (Applied Biosystems, Cat # 4346906) on the Applied Biosystems7500
Fast Real-Time PCR machine. The thermo-cycle conditions included an initial
denaturation at 95°C for 30 sec, 30 to 45 cycles of 95°C for 1 sec and 60°C for 30 sec. A
dissociation step was added to confirm the single specific amplicon. Serial 4x dilutions of
cDNA (from lOx cDNA synthetic reaction dilution) were prepared for standard curve.
The value for specific gene expression was extrapolated from the standard curve and
expressed as a ratio of the value of the gene of interest to the internal control gene
AtTIP41 (At4g34270) (Czechowski et al., 2005; Page et al., 2007).
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Quantification of Polyamine by HPLC
Plant tissues (50-100 mg) were collected in 5% HCICMPCA) in a ratio (w:v) of 1:9
in microfuge tubes. Samples were frozen and thawed three times before proceeding for
dansylation (Minocha et al., 1994). After the final thawing, the tubes were vortexed for 1
min and centrifuged at 14,000 xg for 5 min. 100 piL of the supernatant from each sample
as well as 5 standards (mixture of 3 PAs: Put - 0.002, 0.004, 0.01, 0.02 and 0.04 mM;
Spd/Spm: 0.001, 0.002, 0.005, 0.01 and 0.02 mM) were dansylated with 20 ptL of 0.1
mM heptanediamine as the internal control. The PCA extract was mixed with 100 jiL of
saturated Na2 CC>3 and 100 piL of dansyl-chloride (20 mg/mL in acetone) and incubated at
60°C. After 60 min, 50 fiL of 20 mg/mL asparagine was added and the tubes kept at 60°C
for additional 30 min. Acetone in the samples was evaporated in a speedvac (Savant), and
the dansyl-PAs were extracted in 400 piL of toluene by partitioning. An aliquot of 200 jiL
toluene fraction was transferred to new tube and vacuum dried in Speedvac. The dansylPAs were re-dissolved in 500 ]aL of methanol by votexing for 2 min followed by 2-min
centrifugation. Aliquots (250 piL) of the methanol fraction were transferred into
autosampler vials. The HPLC system included Pecosphere reversed-phase C l 8 column
(4.6x33 mm, 3 fim\ Perkin Elmer, Waltham, MA, Cat # 0258-0195). Perkin Elmer series
200 autosampler fitted with a 200 p L loop, a PE series 200 gradient pump, and a
fluorescent detector (Series 200A). The detector was set at excitation and emission
wavelengths of 340 and 515 nm. Samples were injected at 10 piL vol. A 40% to 100%
gradient of 10 mM heptane sulfonic acid (containing 10% acetonitrile; pH of 3.4 solvent A) and 100% acetonitrile (solvent B) was used as the mobile phase with the flow

43

rate of 2.5 mL/min. The data were integrated using the PE TotalChrom software (version
328 6.2.1) and the output was calculated as nmol g 'FW.
Radioisotope Feeding Experiments
Seedlings of 2x35S::m0£)C-7/2-l and estradiol inducible mODC-10-1 lines were
grown on solid GM for two weeks at 25°C under 12 h photoperiod. Seedlings from three
Petri dishes (~2.0 g) for each line were transferred into 15 mL of liquid GM in 250 mL
beakers separately. For induction, 5.0 pM (final concentration) of 17P-estradiol (made in
DMSO - Sigma, Cat # E2758) was used for induction; the same line without estradiol
served as the control. The beakers were covered with aluminum foil and kept on a shaker
at 90 rpm. After 8 h of induction, 1.0 pCi of either L-[U-1 4 C]Om-HCl (Sp. act. 261 mCi
mmol'1; Amersham Life Science, Arlington Heights, IL), [1, 4- 1 4 C]Put-diHCl (Sp. act
107 mCi mmol'1), [1-4,

14

C]Spd-triHCl (Sp. act 112 mCi mmol'1) or [1-4,

14

C]Spm-

tetraHCl (Sp. act 110 mCi mmol'1) and additional 5.0 ml of GM (with/without 5.0 pM
estradiol) were added into each beaker which was placed back on the shaker. Following 4
h incubation, seedlings were washed with 200 mL of non-radioactive GM with/without
estradiol three times, transferred into 9-well cell culture plates and placed back under
normal growth conditions without shaking. About 300 mg of tissue samples were
collected into 500 pL of 7.5% PCA at different times and frozen at -20°C for PA analysis.
Each experiment was repeated twice.
Analysis of Free Polyamines in Radioactive Samples
Samples in PCA were frozen and thawed three times before dansylation (Bhatnagar
et al., 2001). After the final thawing, the tissues were vortexed for 1 min and centrifuged
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at 14,000 xg for 5 min. Aliquots (20 jiL) of PCA extract from all samples were counted.
For dansylation, 200 jiL of PCA extract were mixed with 200 jiL of saturated Na2 C0 3
and 200 jiL of dansyl-chloride (20 mg/mL in acetone) and incubated at 60°C. After 80
min, 100 jiL of 20 mg/mL Asn was added and the tubes kept at 60°C for 30 min. Acetone
in the samples was evaporated under vacuum, and the dansyl-PAs were extracted in 400
jtL of toluene by partitioning. Aliquots (20 jiL) of both the toluene and the aqueous
fractions were counted for radioactivity. Toluene fractions of triplicates from the same
time and treatment were combined, dried in the Speed-vac and then re-dissolved into 90
piL of methanol; 60 jiL of methanol extract was spotted on TLC plate (Whatman LK6 D
silica gel 60; Whatman Inc., Clifton, NJ). The plates were placed in about 10 mL of a
solvent mix of chloroform: triethylamine (5:1, v/v) for 45 min in a chromatography
chamber. The respective PA bands were marked under UV light, scraped, and counted for
radioactivity in 10 mL of Scintiverse (Fisher scientific, Pittsburgh, PA, Cat # SX12-4).
The information obtained, along with the actual amounts of PAs determined in the cells
by HPLC was used to calculate specific activity of each PA in the cells as DPM [1 4 C]
PA .nmol' 1 of the respective PA.
Statistical Analysis
Most of the experiments were repeated at least twice and data from single
representative experiment are presented here. Each treatment incorporated three or four
replicates as described in figure/table legends. Typically, the data were analyzed by
student’s t test using SYSTAT 13 to determine significance at p< 0.05. The statistical
comparisons were usually made between induced sample and uninduced control only at a
given time. Specific analyses are described in the legend of tables and figures.
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Analysis of the Degradation of GUS Fusion Proteins
Seedlings, as well as callus suspension cultures of different GUS-mODC-PEST
fusion constructs, were subjected to analysis by measuring GUS enzyme activity using a
fluorescence assay (Gallagher, 1992). For seedling material, T3 homozygous seeds were
plated on GM with 5.0 pM estradiol for 2 weeks to induce GUS expression. Seedlings
were transferred to 9-well-plates in liquid GM with additional 100 jiM cycloheximide
(CHX) to inhibit protein synthesis and samples were collected at 0 ,4 and

8

h for MUG

assay. Three-day-old callus suspension cultures were induced by 5.0 jiM estradiol. After
2-day induction, 300 ftM CHX was added to the medium, and the samples were collected
at 0 ,2 ,4 , 8 and 24 h for MUG assays.
Fluorometric Assay of GUS Enzyme Activity (MUG assay)
Plant tissue (30-50 mg) collected in 100 jiL of extraction buffer (50 mM NaPC>4 , pH
7.0; 10 mM P-mercaptoethanol; 10 mM EDTA, 0.1% Sarcosyl and 0.1% Triton X-100)
was used directly for assay or stored in -20°C. Tissue was hand-homogenized with a
plastic pestle and centrifuged for 5 min at 16,000 xg. A 10 jiL of plant extract was added
to 500 fiL of assay buffer (extraction buffer containing 1.0 mM methyl umbelliferyl-p-Dglucuronide - PhytoTech Labs, Shawnee Mission, KS, Cat # M569), votexed for one sec
and incubated at 37°C. A 100 piL aliquot of assay mix was removed and transferred into
0.9 mL of stop buffer (0.2 M Na2 COs) at 0 and 10 min of incubation separately. Readings
were taken using DyNAQuant200 fluorometer (Hoefer Inc., Holliston, MA). The
fluorometer was zeroed by stop buffer and standardized by using 50 nM
methylumbelliferone (MU) to adjust the fluorescence units to 500. A 50 jiL of stop buffer
mix was added to a cuvette containing 1.95 mL stop buffer. The cuvette was covered
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with Parafilm, inverted and reading was taken. Soluble protein content in the extract was
measured using Bradford assay (Bradford, 1976). A 5.0 fiL of plant extract was mixed
with 1.5 mL of Quick Start Bradford Dye Reagent lx (Bio-Rad Laboratories, Hercules,
CA, Cat # 500-0205). After 20 min incubation,

A 595

was measured in a Spectronic® 20

Genesys ™ spectrophotometer (Spectronic Instruments Inc., Rochester, NY). Known
concentrations (0.2,0.4,0.6,0.8 and 1.0 mg/mL) of bovine serum albumin (BSA; Sigma,
Cat # A4503) were used to make a standard curve, which was used to calculate protein
concentration. The final GUS activity was calculated as pmoles MU/min/mg protein.
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CHAPTER I

CHARACTERIZATION OF THE EXPRESSION PATTERN OF SPERMIDINE
SYNTHASES

Introduction
Methodology to Study Gene Function
As one of the fastest growing fields in biology today, functional genomics is aimed
at understanding the role and regulation of expression of various genes in different tissues
and organs of an organism during its entire life cycle. There are several techniques used
in investigating gene function and regulation of gene expression. Each of these
techniques has some advantages as well as limitations; none being a perfect approach.
Among the most common and time-tested method of analyzing gene function is the
use of mutants. In addition to selection of naturally occurring mutants, both “loss-offunction” and “gain-of-function” mutants have been generated via various approaches in
model plants (e.g. Arabidopsis) as well as crop plants. In almost all cases, targeted
mutagenesis still remains a rare possibility.
Chemical mutagens such as ethyl methane sulfonate (EMS) were used initially to
generate point mutations or small deletions. More recently, insertion mutagenesis using
Agrobacterium T-DNA or transposable elements (transposons) has become the most
effective method with the advantage of easy determination of mutation sites due to the
fact that mutation is tagged by known insertion fragment (Kuromori et al., 2009;
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Kleinboelting et al., 2012; Jung and An, 2013). The resulting mutants are mostly loss-offunction (a.k.a. knockout or knock-down) mutants. Between the two types of insertions,
T-DNA insertion often generates multiple inverted or tandem copies of inserts, while the
transposon system creates single copy inserts with small size.
While single gene knockout/knockdown mutants are a powerful and straight-forward
method to study gene function, due to the functional redundancy of duplicated genes or
gene families, single gene mutations are inadequate in most cases to produce a clear
phenotype. This makes the generation of double/multiple mutants necessary in some
cases. The other drawback is the lethality of mutants for some indispensable genes for
which mutated phenotypes are not easy to observe. These problems can be overcome by
the genetic engineering or the transgenic approach. It should also be mentioned that
screening of mutants is a tedious and laborious process as compared to the transgenic
approach.
Methods to Study Gene Expression
In order to understand the function of a gene comprehensively, regulation of gene
expression also needs to be investigated. Gene expression is regulated at multiple steps;
transcription being the first and the easier one to study. Although proteins are the final
product, mRNA is an intermediate product for each protein whose presence as well as
0

relative abundance can be studied by several experimental approaches. Even though in
most cases transcript abundance is not necessarily correlated with protein production (i.e.
translation) or enzyme activity, it does provide insight into regulation of gene activity and
gene function in a cell/tissue/organ specific manner.
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In order to study gene expression at the transcriptional level, low-to-medium
throughput techniques such as northern blot and QRT-PCR are extensively used (Wong
and Medrano, 2005; Schlamp et al., 2008). These approaches are useful for analysis of
small numbers of genes with known sequences but are limited for large-scale gene
investigation and not applicable for use with unknown transcripts due to the requirement
of using probes and primers. These techniques also require isolation of RNA, which often
makes it difficult (if not impossible) to analyze cell specificity of gene expression. A
major problem with northern hybridization is the lack of specificity of probe where crosshybridization can occur among gene family members which have high sequence
similarity (Bartlett, 2002; Schlamp et al., 2008). In comparison, QRT-PCR is a more
sensitive and sequence-specific technique, which allows measurement of mRNA
abundance quantitatively, and also for genes with relatively high sequence similarity.
While RNA preparation is still required, the quantity of RNA needed is not as high as for
northern blots. Moreover, the technique can be used with moderate numbers of samples,
depending upon the RNA isolation techniques (Wong and Medrano, 2005; Jozefczuk and
Adjaye,2011).
Besides these low/medium throughput methods, an increasing number of high
throughput approaches have been developed to study whole-transcriptome level changes
in gene expression in response to experimental treatments or in different stages of
development. Microarrays allow simultaneous characterization of expression levels of
thousands of genes of known sequences (Bartlett, 2002; Kumar, 2009; Parkinson et al.,
2011). The major weakness of this technique is its inability to quantify gene transcripts
with low abundance. Another possible problem is the occurrence of cross-hybridization
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when dealing with gene family members with high homology. However, specificity of
probes to distinguish between gene homologues can be improved by using
oligonucleotide-based microarrays such as those generated by Affymetrix instead of
cDNA microarrays (Linton et al., 2009; Morozova et al., 2009; Suo et al., 2010).
Sequencing-based techniques to study transcriptomes have the advantage to
determine the transcripts identity and abundance directly. These high throughput
technologies include: SAGE (Serial Analysis of Gene Expression), second generation
sequencing etc.; however, these technologies are costly and laborious, and provide
superfluous information in case where the target is only a few specific genes (Donson et
al., 2002; Morozova et al., 2009). The SAGE method is an excellent approach to compare
gene expression in different tissues; it produces short 3’- end sequence tags (14-26 bp)
representing each RNA transcript in the sample. These tags then are assembled into larger
concatamers and cloned for sequencing. The tag annotation is performed by basic local
alignment search tool (BLAST) though existing cDNA or EST databases to identify gene
transcripts corresponding to the tag (Matsumura et al., 2005; Royer et al., 2011; Smandi
et al., 2012). Compared to microarray, this technique has the advantage to detect novel
transcripts or novel alternative splicing variants, and the transcript abundance can also be
measured directly. However, this technique still involves laborious cloning steps and is
costly (Morozova et al., 2009).
With the development of next-generation sequencing technologies such as 454 and
Illumina (www.illumina.com), the sequencing costs and experiment complexity have
been reduced and the coverage of transcripts is also greatly improved (Morozova et al.,
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2009). Instead of in vivo cloning process, the next generation sequencing techniques
utilize PCR-based amplification. The sequencing output can be achieved to more than 20
Mb/h, which is several orders of magnitude higher than the older techniques. This
technique yields longer sequence reads and allows the analysis of splice variants and
closely related genes. Moreover, transcripts from various pools can be sorted by unique
tags (barcode system) in single sequencing reaction which dramatically saves the cost and
time (Smith et al., 2010).
Gene Expression at Cell/Tissue Level
All of the techniques discussed above involve RNA isolation, which limits the
resolution of gene expression at best to the organ or tissue level but not at cell level. To
study tissue and cell-specific gene expression, in situ hybridization of mRNA is used
commonly. This approach involves production of a labeled probe and hybridization of the
probe onto tissue sections (Kumar, 2010). The procedure is tedious and has low
sensitivity and specificity, and the same problems as with northern blot hybridization.
Promoter: :reporter fusion is a unique approach to study the regulation of the
expression of specific genes, which is independent of the need for RNA isolation; also,
sequence similarities between closely related genes do not influence the output. The
underlying principle of this approach is that a reporter gene is placed under the control of
the native promoter sequences of the gene of interest and transferred into plants where the
presence of the reporter gene product can be easily detected and/or quantified. The
assumption is that the promoter alone is sufficient to mimic the expression of the gene
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(de Ruijter et al., 2003; Xiong et al., 2012). By detecting where and when the reporter
gene is expressed, one analyzes the expression pattern and regulation of the target gene.
This technique is highly sensitive to show even low level of expression. Since the
promoter of each gene is cloned, the technique does not depend on gene sequence, and
specificity is also high, which makes it a good way to study genes with high homology.
The detection of the reporter gene expression can be easily achieved without RNA
preparation, which makes tissue and cellular localization analysis practical. However, the
definition of the promoter sequence is ambiguous, which can vary from a few hundred to
thousands of base pairs upstream of the transcription start site (Vedel and Scotti, 2011).
Moreover, the use of a cloned sequence representing the promoter does not often include
distant regulatory elements (e.g. enhancers), which are not contiguous with the promoter.
The assessment of reporter activity in this case depends upon a combination of promoter
strength, duration of promoter activity, reporter mRNA stability as well as reporter
protein stability and activity. The difference in translatability and mRNA/protein stability
between the reporter gene and the native gene may further affect the post-transcription
regulatory processes, thus yielding false results. Some of these problems can be partially
overcome by doing translational fusions in which the promoter as well as a part of (or the
entire) open reading frame of the gene of interest is fused. However, transcriptional
fusion version of promoter::reporter is used more commonly to assess promoter activity.
Since the exact length of a promoter is ambiguous, several constructs of varying lengths
of the putative promoter are often used (Vedel and Scotti, 2011).
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Two of the most commonly used reporter genes in plants are Green Fluorescent
Protein (GFP) and 0-glucuronidase (GUS); the products of both can be detected
qualitatively and measured quantitatively. The most widely used substrate for qualitative
test for GUS activity is X-Gluc (5-bromo-4-chloro-3-indolyl-P-D-glucuronic acid) whose
glucosidic linkage is cleaved by the enzyme. The subsequent product is dimerized by
oxygen into a blue colored precipitate, which is easily visualized. This histochemical
detection is an easy and fast way to study the tissue/cell specific gene expression. The
stable GUS protein makes the detection sensitive even for promoter with weak activity;
however, the same feature makes it less suitable for conditional and temporal regulation
of this gene (Koo et al., 2007; see Chapter IV). Another weakness of this technique is that
the reaction involves destructive sampling; thus it is not feasible to analyze the dynamic
promoter activity in living cells/tissues. The diffusion of product during the process of
staining might lower the cellular resolution of this assay (de Ruijter et al., 2003; Xiong et
al., 2012). 4-Methylumbelliferyl-P-D-glucuronide (MUG) is another substrate, which is
extensively used for quantitative GUS assay. In this case, GUS hydrolyzes the substrate
generating the product with detectable fluorescence. This assay requires protein
extraction from tissue and thus is not applicable for cell-specific expression study. This
reporter is more widely used in plants due to its low background signal in cells.
Destaining process in the histochemical assay further minimizes the background caused
by plant pigments (de Ruijter et al., 2003).
GFP visualization is not substrate dependent and can be used to study real-time gene
expression in living tissues. Sub-cellular localization of the protein is also feasible by
using this reporter. Because of high levels of auto-fluorescence in several plant tissues,
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the detection of low level of GFP is rather difficult (de Ruijter et al., 2003; Ckurshumova
et al., 2011; Sparkes and Brandizzi, 2012; Xiong et al., 2012). It also requires specialized
microscopes for visualization and quantification of the reporter.
(

Studying Gene Expression at Protein Levels
As useful as the mRNA analysis is, it is also important to study the presence and the
activity of proteins in order to understand gene functions, especially for the enzymes
(Pandey and Mann, 2000). To determine the presence and abundance of proteins, western
blot {aka. immunoblot) is often used either with cell/tissue extracts directly or following
gel electrophoresis of the extract. It is a powerful approach to determine the presence as
well as relative abundance of a particular protein. Absolute quantitation however is not
feasible. Western blot can detect denatured proteins from SDS-PAGE as well as native
proteins following native gel electrophoresis. Direct enzyme assays (where applicable)
also provide a quantitative measurement of gene expression. To identify proteins, twodimensional gels can be used. High-throughput analysis techniques known as proteomics
utilize technologies like mass spectrometry and protein microarrays; however, these
technologies are expensive and not useful for routine laboratory work at present.
I studied the expression pattern of two genes for the enzyme involved in the
biosynthesis of Spd in Arabidopsis in almost all tissues during its entire life cycle. These
genes are AtSPDSl and AtSPDS2. The study involved the use of prpmoter: :Gt/S fusion as
well as limited amount of QRT-PCR.
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Results
Cloning of AtSPDSl and AtSPDS2 Promoters and Generation of Transgenic Plants
In order to study the regulatory roles of AtSPDSl and AtSPDSl promoters and the
5’-ORF sequences of these genes in regulating their expression, different constructs (Fig.
3) were made which contained the putative promoter and the 5’UTR (transcriptional
fusion) or the putative promoter, the 5’UTR and a part of the ORF (translational fusion)
for each gene. The putative full length promoters were defined on the basis of their
location at the 5’ end of the annotated gene and the 5’-adjacent gene. Shorter (truncated)
versions of the promoter constructs were also produced (Fig. 3). Six different promoter
fragments (A through F) for AtSPDSl and four (A through D) for AtSPDS2 were PCR
amplified (Fig. 4) from A. thaliana genomic DNA using sequence specific primers (Table
2, Table 3). The pCR8.0/GW/TOPO vector clones of these sequences were confirmed to
be correct by restriction digestion (Fig. 5, Fig. 6 ) and sequencing for correct insertion and
its orientation within the vector. The correct inserts when sub-cloned into pMDC163
vector, fused with the GUS reporter sequence (Fig. 7, Fig. 8 ) were also confirmed by
restriction digestion (Fig. 9). The plasmids in Agrobacterium tumefaciens (strain GV3101)
were selected on kanamycin (50 /*g/mL). Detailed figures for the final vectors are shown
in Appendix B.
The Ti (putatively transformed) seeds were harvested and screened by plating on
GM with hygromycin (70 ptgJmL). Transgenic seedlings were transferred into soil and
grown to produce T2 seeds. Three to five selected T2 lines were confirmed to contain a
single copy of the transgene by segregation test; i.e. a ratio of 3:1 was observed for the
56

number of live to dead seedlings on selection medium. Homozygous T 3 plants were again
confirmed by segregation analysis test ( 1 0 0 % live seedlings on selection medium), and
these lines were used for qualitative GUS histochemical assays.
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Figure 3. Constructs of AtSPDSl (NM_102230) and AtSPDS2 (NM_105699) promoters
fused with GUS.
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Figure 4. Gel electrophoresis of PCR products of SPDS1-A (lane 1: 1706 bp), SPDS1-B
(lane 2: 1795 bp), SPDS1-C (lane 3: 854 bp), SPDS1-D (lane 4: 943 bp), SPDS1-E (lane
6 : 473 bp), SPDS1-F (lane 5: 562 bp), SPDS2-A (lane 7: 1340 bp), SPDS2-B (lane 8 :
1451 bp), SPDS2-C (lane 9: 587 bp), SPDS2-D (lane 10: 698 bp).
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Figure 5. (a) Plasmid maps of AtSPDSl promoter constructs in pCR8.0/GW/TOPO
vector; (b) Gel electrophoresis of restriction digestion products of AtSPDSl promoter
constructs in pCR8.0/GW/TOPO vector. 1: SPDS1-A (EcoRV, 1.6+2.9 kb); 2: SPDS1-B
(EcoRV, 1.7+2.9 kb); 3: SPDS1-C (Xbal, 0.9+2.8 kb); 4: SPDS1-D (Xbal, 1.0+2.8 kb); 5:
SPDS1-E (NdeU Xbal, 0.7+2.6 kb); 6 : SPDS1-F (Ndel+ Xbal, 0.8+2.6 kb).
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Figure 6 . (a) Plasmid maps of AtSPDS2 promoter constructs in pCR8.0/GW/TOPO
vector; (b) Gel electrophoresis of restriction digestion products of AtSPDS2 promoter
constructs in pCR8.0/GW/TOPO vector. 1: SPDS2-A (Xbal, 1.3+2.9 kb); 2: SPDS2-B
(Xbal, 1.4+2.9 kb); 3: SPDS2-C (EcoRV, 0.2+3.2 kb); 4: SPDS2-D (EcoRV, 0.3+3.2 kb).
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Figure 7. Plasmid maps of AtSPDSl promoter constructs in pMDC163 vector with
diagnostic restriction enzymes specified.
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Figure 8. Plasmid maps of AtSPDS2 promoter constructs in pMDC163 vector with
diagnostic enzymes specified.

Okb

1kb

Figure 9. Gel electrophoresis of restriction digestion products of AtSPDSl and AtSPDS2
promoter constructs in pMDC163 vector. 1: SPDS1-A (Xbal, 0.7+12 kb); 2: SPDS1-B
(Xbal, 0.8+12 kb); 3: SPDS1-C (Xbal, 0.7+11 kb); 4: SPDS2-A (Xbal, 1.1+11 kb); 5:
SPDS2-B (Xbal, 1.2+11 kb); 6: SPDS1-E (Ndel, 2+2.5+3+4.2 kb); 7: SPDS1-F (Ndel,
2+2.5+3+4.3 kb); 8: SPDS2-C (EcoRV, 0.2+0.7+2.2+2.6+6 kb); 9: SPDS2-D (EcoRV,
0.2+0.8+2.2+2.6+6 kb); 10: SPDS1-D (Xbal, 0.8+1.1 kb).

Developmental Expression Profiles of AtSPDSl and AtSPDSl in Seedlings
Ten seedlings from each line germinated on GM without antibiotic were collected
every other day from 1 DPG (days post germination) through 11 DPG to perform GUS
histochemical assay. Representative pictures are shown here. All constructs of both
SPDS1 and SPDS2 promoters showed quite similar constitutive GUS activity throughout
the seedling at all stages from DPG 1 through 11 (Fig. 10). Specifically, high GUS
activity (aJcxi. stain) was observed at 1 DPG seedlings in the cotyledons, hypocotyls and
the veins of roots. In 5 and 11 DPG seedlings, GUS activity was present in all tissues
including the young leaves. However, the GUS stain in roots and hypocotyls of older
seedlings (11 DPG) was lighter than younger ones (1 and 5 DPG). No major differences
between transcriptional and translational fusion constructs for either gene were observed.
For both SPDS1-A and B, GUS activity was high in the root veins, but little or no GUS
was detectable near the root tip in SPDS2-A or B construct (Fig. 11). A small difference
was observed in lateral roots where SPDS1 constructs showed high GUS expression
while SPDS2 constructs had little/no expression (Fig. 11).
Expression Profiles of AtSPDSl and AtSPDS2 in Mature Plants
To study GUS activity in the vegetative organs in mature plants, roots and rosette
leaves from 3-week old plants, and cauline leaves and stalks from 5-week old plants,
were subjected to histochemical GUS assay. SPDS1-A through F constructs showed
constitutive GUS activity in roots, and rosette as well as cauline leaves (Fig. 12). For
roots, somewhat higher activity was detected in lateral roots than the main root. In flower
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(a)
1DPG

5DPG

11 DPG

Figure 10. GUS activity in 1 DPG, 5 DPG and 11 DPG seedlings of SPDS1-A, B, C, D,
E and F promoter::GUS constructs (a) and SPDS2-A, B, C and D promoter::GUS
constructs (b).... Continued on Page 65.
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<b)
1DPG

5DPG

Figure 10. Continued from Page 64 - see legend on Page 64.
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Figure 11. GUS activity in primary roots and lateral roots of seedlings containing
SPDS1-A and B, and SPDS2-A and B constructs.
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R oots

R o sette leaf

C auline leaf

Stalk

Figure 12. GUS activity in vegetative organs: roots and rosette leaves of 3-week old and
cauline leaves and stalks of 5-week old plants carrying AtSPDSl- A, B, C, D, E and F
promoter::GUS constructs.
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stalks, whereas SPDS1 transcriptional fusions (A, C and E) showed no GUS activity, its
translational fusion constructs (B, D and F) had some GUS activity, particularly in the
trichomes (Fig. 12). All SPDS2 constructs showed GUS activity in roots and rosette
leaves but no activity was observed in the stalks except SPDS2-B, which exhibited weak
expression in trichomes (Fig. 13). The SPDS2 transcriptional fusions (A and C) had no
GUS activity in cauline leaves; it was quite high for its translational fusion constructs (B
andD).
In flowers and siliques from 5-6 week old plants, GUS activity in all SPDS1
constructs was present at the base of the flower, sepals, stamen filaments and the pistil
style (Fig. 14a). No expression was detected in petals, anthers/pollen grains, stigma or the
ovary including the ovules. The GUS activity in siliques was observed only in the lower
parts of the valves for SPDS1 transcriptional fusion constructs (A, C and E) but in the
entire valve for translational fusion constructs (B, D and F). All of the SPDS2 constructs
also showed similar GUS activity pattern in flowers, however with less expression in
sepals and stamen filaments, and visible in stigma of two translational fusion constructs
(B and D) (Fig. 14b). In siliques, GUS activity was found only in the upper valves and
pedicel for SPDS2 constructs. These data are tabulated in Appendix A.
The activity of GUS was also examined in developing embryos at different stages of
development by carefully dissecting out embryos from seeds under the microscope and
then incubating them with the substrate. Truncated promoter constructs did not show
major difference in expression as compared with the full length constructs (Appendix A).
Thus only figures for SPDS1-A&B and SPDS2-A&B constructs are shown to represent
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the transcriptional and translational fusions for both genes (Fig. 15). The expression of
GUS was absent at very early stage of embryo (heart stage) development for all
constructs. Only SPDS1 translational fusion (A) showed GUS expression in torpedo stage
embryo; GUS activity appeared in later stages in all cases with preferential distribution in
the cotyledons.

R oots

R o sette leaf

C auline leaf

Stalk

Figure 13. GUS activity in vegetative organs: roots and rosette leaf of 3-week old and
cauline leaves and stalks of 5-week old plants carrying AtSPDS2-A, B, C and D
promoter: :GUS constructs.
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(a)
Flower

Stigm a

A nther

Silique

Figure 14. GUS activity in reproductive organs: flowers and siliques of plants carrying
SPDS1-A, B, C, D, E and F (a) promoter::GUS constructs and SPDS2-A, B, C and D (b)
promoter::GUS constructs Continued on Page 71.
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(b)
Flower

Stigm a

A nther

Figure 14. Continued from Page 70
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Sillque
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T orpedo

T orpedo/linear
cotyledon

gent
cotyledon

SPDS1-A

SPDS1-B

Figure 15. GUS activity in developing embryos (heart, torpedo, torpedo/linear cotyledon
and bent cotyledon stages) of SPDS1-A&B and SPDS2-A&B promoter::Gt/S constructs.
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Expression of AtSPDSl and AtSPDS2 in Response to Wounding
To test the AtSPDSl and AtSPDS2 promoter activity in response to wounding,
rosette leaves from 5-week old plants of SPDS1-A&E and SPDS2-A&C constructs were
used. Random holes were poked (using dissecting needles) on leaves kept on the plants,
and wounded and unwounded leaf samples were stained only for 2 h at 1, 3 and 6 h after
injury. At 1 h after wounding, increased GUS activity was observed initially at the
injured sites for SPDS1-E and SPDS2-C constructs (Fig. 16); by 3 h, high GUS activity
was present not only at the wounded sites, but also systemically in other areas of the leaf
for all constructs.
Analysis of Putative Regulatory Motifs in the Promoters of AtSPDSl and AtSPDS2
Promoter sequences of AtSPDSl and AtSPDS2 were analyzed for known (putative)
ris-elements by using the Athena software (O’Connor et al., 2005); the results are shown
in Table 4 and Table 5. The analysis revealed the presence of several common putative
developmental

and

stress

responsive

motifs

in

both

promoters,

including

CARGCW8 GAT motif, GA responsive factor binding site motif GAREAT, MYB4
binding site motif (drought, cold, salt, wounding response) as well as pathogen and
wounding responsive factor binding motif W box. Besides, AtSPDSl promoter also
contains CACGTG motif (embryogenesis), evening element promoter motif, flower
specific motif, MYB binding site and drought responsive element binding site MYB1AT.
On the other hand, AtSPDS2 promoter contained some unique motifs; e.g. auxin response
factor-binding, ARF binding motif, I-box promoter motif (light regulated) and MYB2AT
(ABA, water stress). Several motifs were present in multiple copies within the putative
promoter sequence.
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QRT-PCR of Native AtSPDSl and AtSPDSl Gene Expression
In order to determine if promoter: :GUS fusion analysis reflected the actual
expression of the two AtSPDS genes at different developmental stages and in different
organs, RNA from 2 and 10-day old WT seedlings, and 5-week old roots, rosette and
cauline leaves, flower buds, flowers, siliques and flower stalks was used for QRT-PCR
analysis of relative gene expression using gene specific primers (Alcizar et al., 2006; also
see Table 2, Table 3). The expression was normalized to AtTIP41. Highest expression
for both genes was found in 2 DPG seedlings (Fig. 17a). Compared with early seedlings,
the level of AtSPDSl transcripts declined slightly but remained constitutive in 10 DPG
seedlings as well as all other organs of mature plants (Fig. 17b). On the other hand, the
abundance of AtSPDS2 transcripts showed a similar pattern except that relatively lower
expression was detected in cauline leaves and lower parts of flower stalk (Fig. 17).
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U nw ounded

1h

3h

6h

SPDS1-A

SPDS1- E

SPDS2-A

Figure 16. GUS activity in rosette leaves of 5-week old plants without wounding and 1,3
and 6 h post wounding for promoter::GUS constructs SPDS1-AJSPDS1-E, SPDS2-A and
SPDS2-C. Tissues were stained for 2 h at 37°C.
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Figure 17. Relative gene expression (QRT-PCR) of AtSPDSl and AtSPDSl in WT
Arabidopsis: (a) seedling stages and (b) 5- week mature plants. The expression of target
genes was normalized to AtTIP41. Data are mean±SE of three biological replicates.
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Table 4. Analysis of putative cis regulatory elements in AtSPDSl promoter sequences
(O’Connor et al, 2005). W represents A/T, R represents A/G, M represents A/C, H
represents A/C/T and Y represents C/T.
Motifs
CACGTG motif
CARGCW8GAT

Evening element
promoter motif
GAREAT

MYB binding site
promoter
MYB1AT

Consensus
Sequences
CACGTG

Binding sites
(strand)
-214 to -209 (+)
-214 t o -209 (-)
CWWWWWWWWG -1284 t o -1275 (+)
-118 to -109 (+)
-118 t o -109 (-)
-1284 to -1275 (-)
AAAATATCT
-1453 -1445 (-)

Physiological
response
embryogenesis

TAACAAR

-1299 to-1293 (+)
-544 t o -538 (+)
-789 t o -783 (-)
-244 t o -237 (-)
-1646 t o -1639 (-)
-1035 to -1030 (+)
-295 to -290 (+)
-159 to -154 (+)
-122 to -117 (+)
-1643 to -1638 (-)
-1324 to -1318(+)
-742 to -736 (+)
-244 to -238 (-)
-1646 to -1640 (-)
-752 t o -745 (-)

GA induced seed
germination

-391 to -386 (-)
-1318 t o -1313 (-)
-1100 t o -1095 (-)
-1212 to -1207 (-)
-1238 to -1233 (-)
-1315 t o -1310 (-)

G-3-PDH beta
subunit
Transcription

MACCWAMC
WAACCA

MYB4 binding site
motif

AMCWAMC

SV40 core
promoter motif
T-box promoter
motif
TATA-box Motif

GTGGWWHG

W-box promoter
motif

ACTTTG
TATAAA
TTGACY
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AGL-15site
regulating
embryogenesis
Circadian control

flower specific motif
drought responsive
element

drought, cold,
salt .wounding

SV40 core enhancer

Wounding response

Table 5. Analysis of putative cis regulatory elements in AtSPDS2 promoter sequence
(O’Connor et al., 2005). W represents A/T, R represents A/G, M represents A/C, H
represents A/C/T and Y represents C/T.
Motifs

Binding sites
(strand)
ARF binding site
-988 to -983 (+)
motif
-731 to -726 (+)
CWWWWWWWWG
CARGCW8GAT
-1165 to -1156 (+)
-1100 to -1091 (+)
-182 to -173 (+)
-129 to -120 (+)
-129 to -120 (-)
-182 to -173 (-)
-1100to-1091 (-)
-1165 to -1156 (-)
TAACAAR
GAREAT
-98 to - 92 (+)
-1032 to -1026 (-)
-1190 to -1184 (-)
CAAATGAA
Gap-box Motif
-863 to -856 (+)
GATAAG
Ibox promoter
-545 to -540 (+)
-648 to -643 (-)
motif
TAACTG
MYB2AT
-1111 to -1106 (+)
MYB4 binding site AMCWAMC
-953 to -947 (-)
-1033 t o -1027 (-)
motif
SV40 core
promoter motif
RAV1-B binding
site motif
TATA-box Motif
W-box promoter
motif

Consensus
Sequences
TGTCTC

Physiological response
Auxin Response factor
AGL-15 site regulating
embryogenesis

GA induced seed
germination
Light regulated
ABA, water stress
drought, cold,
salt .wounding

GTGGWWHG

-742 to -735 (-)

SV40 core enhancer

CACCTG

-878 to -873 (+)

TATAAA

-80 to -75 (-)
-1133 to -1128 (-)
-20 to -15 (-)
-277 to -272 (-)

RAV binding site, rosette
leave and roots
Transcription

TTGACY
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Wounding response

Discussion
Identification of Functional Promoter
The definition of the promoter region of a gene is ambiguous. A common approach
to identify the promoter region of a gene is to amplify and clone the sequence upstream
of the 5’-UTR/gene (generally up to 2 kb or to the adjacent gene), and study its activity
via fusion with a reporter gene (e.g. GUS or GFP) and its expression in transgenic plants.
Based on the location of their adjacent genes, the AtSPDSl and AtSPDS2 have a putative
promoter of up to 1698 bp and 1257 bp, respectively. Bioinformatics analysis revealed a
number of putative motifs relevant to development and stress response within these
sequences (Table 4, Table 5), which is in line with the known importance of PAs in these
events. However, the identification of actual functional promoter for these two genes
needs to be further examined and confirmed via experimental evidence. Here, I
demonstrate the cell, tissue and organ specific expression of AtSPDSl and AtSPDSl by
promoter::GUS fusion approach. Further analysis of the importance of different parts of
the 5’ end of the promoter sequences (using 5’-deletion) and the 5’end of the ORF, it was
observed that smaller segments of 465 bp for AtSPDSl and 503 bp for A1SPDS2 were
sufficient to drive the temporal as well as the spatial expression of GUS identical to the
putative whole promoter. In addition, truncated promoter constructs also responded to
wounding in the same way as the whole promoter (Fig. 16). While the results of my study
are consistent with the earlier reports that these two genes are expressed in a redundant
manner in the seedling at least at the organ level; they further show that only minor
differences exist even at the cellular level of expression. The results also reveal that the
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real functional promoter of AtSPDSl and AtSPDS2 is most likely located within 500 bp
upstream of the transcription start site for both genes.
It was also seen that the addition of partial ORF did have some effect on the
expression pattern of AtSPDSl and AtSPDS2\ for the former gene there was an upregulation by the 84 bp of ORF on expression in the silique valves, and a downregulation in early embryos. Some of these differences would not have been seen using
techniques other than the promoter::GUS fusion. The AtSPDS2 gene only showed
increased activation by 111 bp of the ORF on expression in cauline leaves and flower
stigma. It is known that the 5’ region of the ORF is often involved in translational/posttranslational control of a gene (e.g., through Kozak sequence and N-terminus rale, Kozak,
2002; Graciet et al., 2010). The hypothesis of translational/post-translational regulation of
plant SPDS has been proposed in a few studies (Franceschetti et al., 2004; Eftose et al.,
2008) where a poor correlation among transcripts, enzyme activity and cellular contents
of Spd and/or Spm was observed. However, neither experimental nor bioinformatics
evidence has been presented to support this conjecture in Arabidopsis. Taken together,
the results suggest that the expression of AtSPDSl and AtSPDS2 is regulated mostly at
transcriptional level.
Expression Patterns of AtSPDSl and AtSPDS2 in Seedlings
Both the promoter: :G£/S fusion approach and the QRT-PCR analysis showed
comparable (largely constitutive) expression patterns of AtSPDSl and AtSPDS2 in the
seedlings. These results are in agreement with previous studies using northern blots,
semi-quantitative RT-PCR (Hanzawa et al., 2002; Urano et al., 2003), and microarrays
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(www.genevestigator.comy The major advantage of my approach was that it provided
better resolution for cellular localization of expression which did show some differences
at later stages of seedling development. Both genes have higher expression in younger
seedlings than older ones, which is consistent with the active roles of PAs in cell division
and growth during seed germination (Igarashi and Kashiwagi, 2010b). Particularly, the
expression of both genes is constitutive in cotyledons and true leaves. Higher expression
in root vascular tissues and hypocotyls was observed in early stages and declined
gradually over time. The explanation for this result may be twofold: (i) the expression
itself may have ceased or slowed down and (ii) the cell elongation may have diluted the
enzyme. Interestingly, subtle differences in expression of the two homologs were detected
in roots at later stages. Although localized mostly in the vascular bundles, AtSPDSl
appeared to have higher expression than AtSPDS2. Moreover, the expression of AtSPDS2
was absent in the developing lateral roots and near to root tip which is most likely to be
the differentiation and elongation zones. This difference suggests that the two genes
might have different roles under certain conditions instead of being redundant. Whether
these complementary roles are developmentally regulated or have physiological
significance in the natural soil environment of the root is not known. For example,
Hewezi et al. (2010) reported that AtSPDS2 but not AtSPDSl expression was induced by
infection of cyst nematode Heterodera schachtii at the feeding sites in roots, and the
enzyme also interacted with a nematode effector protein 10A06 during the infection. An
earlier study also showed an increase of AtSPDS2 expression (but not AtSPDSl) in
response to kinetin, which would certainly be expected to be present near the root tip.
Taken together the results indicate that AtSPDSl expression is higher and more
81

ubiquitous while AtSPDS2 expression may be induced by stimuli such as parasites, plant
hormones or other environmental factors.
Expression of AtSPDSl and AiSPDS2 in Mature Plants
Urano et al. (2003), using semi-quantitative RT-PCR, reported constitutive presence
of AtSPDSl transcripts in all organs (flowers, buds, immature and mature siliques, upper
and lower stems, and cauline and rosette leaves). I also observed that AtSPDS2 mRNA
was found in all organs but at relatively lower levels in the mature siliques and upper
inflorescence stems. Again, my results with both QRT-PCR and promoter::GUS fusion
approach are congruent with each other and are consistent with earlier findings; yet they
advance our knowledge of cellular localization of their expression within each organ.
Particularly in flower stalks, AtSPDSl expression was mainly found in trichomes,
whereas AtSPDS2 expression was hardly detected. In some species, trichomes are known
to be associated with plant defense response to biotic and abiotic stresses (Bosu and
Wagner, 2007; Gonzdles et al., 2008; Cui et al., 2011). The expression of AtSPDSl in
trichomes might indicate its role in stress response especially water stress. Alcdzar et al.
(2006, 2011) have indeed shown an activation of AtSPDSl expression under dehydration
in 3 to 4 week-old Arabidopsis plants. AtSPDS2, on the other hand, was not induced by
water stress. Thus, it can be deduced that AtSPDSl plays a unique role in response to
water stress compared to AtSPDS2.
High expression of AtSPDSl and AtSPDS2 was also detected in reproductive organs,
which is consistent with the substantially abundant amount of Spd in Arabidopsis flowers
(Tassoni et al., 2000; Challa, 2006). The striking absence of expression in pollen, sepals
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and stigma, however, is contrary to the notion that PAs are ubiquitous in all living cells to
perform essential functions such as transcription and translation (Igarashi and Kashiwagi,
2010b). It can be argued that not all cells make their own PAs, instead, PAs can be
transported into those cells which do not produce PAs or they may be stored during
development of certain cell/tissues/oigans. Microarray data exhibited similar ubiquitous
expression patterns in mature organs for the two with low expression being observed in
anther and pollen (Genenvestigator - Hruz et al., 2008).
Another interesting observation was that the expression of AtSPDSl and AtSPDS2
was undetectable in early developing embryos (Fig. 15). This indicates that in early
stages of embryo development, Spd biosynthesis is not the major source of Spd pool.
This result is somewhat in agreement with the study on spdsl!spds2 double mutants,
which showed that the double mutant embryos were arrested at heart-torpedo transition
stage (Imai et al., 2004b). Notably, torpedo stage is when SPDS expression was first
detected in Arabidopsis. Therefore, it can be hypothesized that torpedo stage embryo is
the starting point when SPDS expression becomes indispensable for survival. Thus Spd
requirement before this stage is probably met via transport from surrounding tissues or
storage as discussed above.
In summary, AtSPDSl and AtSPDS2 show high degree of similarity in their
expression pattern, which strongly suggests their functional redundancy in most tissues
and organs at different stages of development. This is also in line with an earlier
observation that single mutant of either spdsl or spds2 had no phenotypic abnormality
under normal conditions (Imai et al., 2004b). However, subtle discrepancy in expression
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also has been revealed giving a hint to their functional diversity under certain
circumstances, most likely in response to abiotic and biotic stresses. This argument is
further supported by a high degree of similarity in the presence of several regulatory
motifs within the promoters of the two genes.
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CHAPTER II

GENETIC MANIPULATION OF POLYAMINE BIOSYNTHETIC GENES

Results
Clone of AtSPDSl Coding Sequence
The complete coding sequence (CDS) of AtSPDSl amplified from cDNA of 2-day
old WT seedlings was found to be of the expected size 1140 bp (Fig. 18a). The CDS
cloned into the pENTR/D TOPO vector (Fig. 18c) showed the expected restriction
pattern (Fig. 18b) and the sequencing results confirmed its identity to be the correct
(Appendix C). The correct construct sub-cloned into vector pMDC7 (with estradiol
inducible promoter) was again checked by restriction digestion and found to be correct
(Fig. 19). The transformed Agrobacterium GV3101 strain was selected on spectinomycin
(50 ^g/mL). Individual lines of transgenic plants (Ti generation) were found to be
positive as tested by PCR using the sequence specific primers (Fig. 20). The Ti plants
with the T-DNA insert were grown to produce T2 and subsequently T 3 seeds. Selected
homozygous T3 plants screened by segregation test of their progeny were used for PA
analysis. Ten selected plants were confirmed to contain the inducible AtSPDSl gene
sequence as determined by using specific primers that would not amplify the native
SPDS1 gene (Fig. 20).

85

a

C

b

/"mil-174
H
lncB•591

SPDS1+ pENTR/D
3717 bp

EcoRV -1
954

frail-194*

Hlncll -1
291
flam
H
I.1336
H indi -1420
HlnOSa ■1
528
~~ H indi -1681
frail-17t>
A
icI-1R
34

Figure 18. Electrophoresis results of PCR products of 1140 bp of AtSPDSl CDS (a) and
restriction digestion products of AtSPDSl CDS in pENTR/D TOPO vector by Hincll: 2.5
kb+0.8 kb+0.26 kb+0.13 kb (b); Plasmid map of AtSPDSl CDS in pENTR/D TOPO
vector (c).
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Figure 19. Restriction digestion products of AtSPDSl CDS in destination vector pMDC7
restricted with Ndel: 4.6 kb+4 kb+2.5 kb+1.7 kb (a); plasmid map of AtSPDSl CDS in
pMDC7 vector (b).
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Figure 20. Results of PCR screening of inducible AtSPDSl individual Tj plants; lane 1:
WT plants, lanes 2-11: transgenic Ti plants of inducible AtSPDSl
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Soluble Polyamine Contents of AtSPDSl Seedlings upon Induction
Polyamines were measured in 2-week old T3 seedlings of nine individual lines and
WT seeds growing on solid GM medium after induction for 24 h with 5.0

estradiol

(Fig. 21). Addition of estradiol did not affect PA content in WT seedlings. Putrescine
content in transgenic lines did not change significantly upon induction except line 3-1
which seemed to have about a 50% increase in this diamine (Fig. 21a). The Spd and Spm
contents also did not change much; only lines 2-4 and 3-1 showed a small (<20%)
increase in Spd, and lines 2-6,2-8, and 3-1 in Spm on induction (Fig. 21b, c).
Transcripts of AtSPDSl and AtSPDS2 upon Induction of AtSPDSl
Since the PA levels in transgenic seedlings did not change, it was deemed necessary
to check if the promoter was active upon induction. In order to confirm this, cDNA
produced from total RNA of WT as well as lines 2-4 and 3-1 with and without induction
was subjected to QRT-PCR analysis using AtSPDSl specific primers. Figure 22a shows
that AtSPDSl transcripts were induced in transgenic plants to as much as 10 fold in line
3-1 and >2 fold in line 2-4. On the other hand, AtSPDSl transcripts in WT were not
affected by estradiol. Furthermore, to determine if the up-regulation of AtSPDSl
expression could have compensatory down-regulation effect on the expression of
AtSPDS2, QRT-PCR was performed for this gene as well with cDNA from WT and 3-1
seedlings. No significant change in AtSPDS2 transcripts was seen (Fig. 22b) in any case.
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Figure 21. Soluble Put (a), Spd (b) and Spm (c) contents in 2-week-old seedlings of T3
generation of inducible AtSPDSl lines in control (uninduced) and upon induction (5.0
}iM estradiol). Wild type seedlings were also treated with or without (control) estradiol.
An asterisk indicates significant difference between the induced and uninduced samples
(P<0.05, N=3). Each replicate had 10-15 seedlings.
89

2.6

® 12

□control
□Induced

_ 2.0
>

*

10

□Control
□Induced

i,s
at

E
• 1.0
>
1
a 0.6

0.0
WT

3-1

WT

2-4

3-1

Plant lines

Plant lines

Figure 22. Relative gene expression (QRT-PCR) of AtSPDSl (a) and AtSPDS2 (b) in
induced (5.0 piM estradiol) and uninduced (control) seedlings of transgenic AtSPDSl 3-1
and 2-4 (only for AtSPDSl) lines and WT. Gene expression was normalized to AtTIP41.
Data are mean±SE of three replicates.
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Hybrid Plants Co-expressing Multiple Polyamine Biosynthetic Genes
One reason for the lack of increase in Spd in the transgenic plants could be that the
substrates for Spd biosynthesis (i.e. Put and dcSAM) were limiting in the cells during
induction. Thus homozygous T 3 plants of inducible AtSPDSl-3-1 line were crossed
separately with 2x35v.mODC-1-7/2 line (called HP; Majumdar, 2011) and another line
(2x35S::PfODC-SAMDC-20-2) which had bifunctional Plasmodium ODC and SAMDC
genes (Majumdar, 2011). Several Fi plants were identified after screening by PCR using
primers specific to each of the genes (Fig. 23, Fig. 24). The F 2 seeds from 2 or 3 plants
were harvested and their seedlings used for PA analysis. The plants were induced with
estradiol for 12 h and 24 h for PA analysis but only for 24 h for mRNA quantification. As
shown in Figure 25a, Put content of AtSPDSl X 2x35S::mODC is substantially higher
(up to

2 0

fold) than other two lines under both uninduced and induced conditions, which

is attributed to the constitutive expression of mODC. Upon 12 h and 24 h induction, Put
titer in the other lines, either harboring the Plasmodium ODC/SAMDC or only the
AtSPDSl, did not change significantly. Spermidine and Spm contents also showed only
small changes upon induction in all three lines (Fig. 25b, c).
The QRT-PCR results with AtSPDSl (Fig. 26a) showed that in AtSPDSl X
2x35S::mODC plants, the total AtSPDSl transcripts surprisingly declined to 50% upon
induction. Furthermore, primers specific for inducible AtSPDSl transcripts showed the
induction of transgenic AtSPDSl in AtSPDSl X 2x35S::mODC plants (Fig. 26b). On the
other hand, AtSPDSl X 2x35S::PfODC-SAMDC plants had a dramatic increase in total
AtSPDSl transcripts upon induction (Fig. 27a). When RT-PCR was performed for
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pfODC-SAMDC gene, its transcripts in the hybrid plants showed that this gene was being
constitutively expressed in these plants AtSPDSl X 2x35S::PfODC-SAMDC (Fig. 27b).

Figure 23. PCR screening of Fi plants from cross pollination of inducible AtSPDSl-3-1
and 2x35S::mODC-lll-2 lines using mODC sequence specific primers (a) with genomic
DNA of WT (1), 2x35S::mODC-H\-2 (2) and Fi plants (3, 4); inducible AtSPDSl
sequence specific primers (b) with genomic DNA of WT (6) and Fi plants (7,8).

1.6 kb -H

Figure 24. PCR screening of Fi plants from cross pollination of inducible AtSPDSl-3-1
and 2x35S::pfODC-SAMDC-20-2 lines using inducible AtSPDSl sequence specific
primers (a) for genomic DNA of WT (1) and Fi plants (2, 3) and pfODC-SAMDC
sequence specific primers (b) for genomic DNA of WT (4) and Fi plants (5,6).
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Figure 27. (a) QRT-PCR of AtSPDSl transcripts in 2-week-old seedlings of AtSPDSl X
2x35S::pfODC-SAMDC F2 generation upon 24 h induction and uninduced control. The
expression was normalized to AtTIP41. (b) RT-PCR of pfODC-SAMDC transcripts in 2week old seedlings of WT (1) and AtSPDSl X 2x35S: .pfODC-SAMDC F2 generation
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Discussion
Inducible Over-expression of AtSPDSl in Arabidopsis
Unlike Put, the cellular content of Spd and Spm in plants is under tight homeostatic
regulation. This has been seen during growth, in response to abiotic stresses, as well as in
genetic manipulation studies (Bhatnagar et al., 2001, 2002; Nolke et al., 2008; Alet et al.,
2011). Over-expression of SPDS in different plants results in only small increases in Spd
and/or Spm (typically no more than 2 to 3 fold increase) as compared with similar studies
with the manipulation of Put via ODC or ADC, where >10 fold increases are quite
common (Shao et al., 2012 and reference therein). Furthermore, the rise in Spd content in
transgenic plants is often not proportionate to the increase of SPDS transcripts or its
enzyme, which strongly suggests that SPDS may not be the sole/primary rate-limiting
enzyme for Spd production. Our results with inducible overexpression of AtSPDSl,
where up to 10-fold increase of its transcripts was seen, only showed <50% increase in
Spd content; these results further substantiate the complex regulation of Spd and Spm
contents in plants. Although the enzyme activity of SPDS was not measured in this study,
this enzyme is not known to be subject to post-transcriptional/translational regulation.
The alternate possibility is that the regulation of higher PAs is dependent on one or the
other substrate availability; i.e. the activities of SAMDC and ODC/ADC. We tested this
possibility by creating hybrids that had either two or three enzymes together, but did not
get results as expected. Thus, the mechanism for small increases in Spd/Spm on over
expression of SPDS, even though Put is present in large amounts, still has no explanation.
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It is known that cellular content of dcSAM is often low and is also tightly regulated
by SAMDC. Unlike SPDS, the synthesis of SAMDC is under post-transcriptional as well
as post-translational regulation by the PA titer. The mRNA of SAMDC contains two
upstream ORFs in the 5’-UTR region, which function as suppressors for PA-dependent
translation of its mRNA (Franceschetti et al., 2001; Hanfrey et al., 2002, 2003, 2005;
Perez-Leal and Merali, 2012). Additionally, the presence of PEST residues in SAMDCs
has been reported which indicates their rapid turnover (Tian et al., 2004; Hu et al., 2005).
Studies on gene expression pattern as well as transgenic manipulation have shown a weak
or a strong correlation of SAMDC activity/transcript abundance with Spd/Spm titer,
depending on the plant species (reviewed in Shao et al., 2012). Manipulation of SAMDC
has been shown to be a more efficient way to elevate Spd/Spm than SPDS, which
indicates that the substrate dcSAM may be a rate-limiting factor in aminopropyl transfer
reactions (Mehta et al., 2002; Mattoo et al., 2010). On the other hand, the endogenous
level of Put in WT Arabidopsis seedlings is also rather low (Fig. 21) as compared to Spd.
Therefore the possibility that the substrate Put is limited for Spd synthesis in this species
at this stage should not be excluded. In the current study, the mitigation of ODC
limitation also did not yield much increase on Spd/Spm content.
Co-expression of Multiple Polyamine Biosynthetic Genes
To study the feasibility of manipulating higher PAs (Spd and Spm) by over
expressing multiple PA biosynthetic genes, hybrid plants with both inducible AtSPDSl
and either the constitutive mODC or the pfODC-SAMDC genes were created. As with the
inducible AtSPDSl plants, the AtSPDSl X mODC hybrid plants (which had substantially
higher endogenous Put content due to constitutive mODC), did not exhibit significant
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change in Spd and Spm upon induction of AtSPDSl. As discussed above, these results
rule out the possibility that the precursor Put is a major rate-limiting factor for the
production of Spd or Spm in Arabidopsis. However, when assessing the transcripts of
AtSPDSl in this hybrid plants, it was surprising to find that the abundance of total
AtSPDSl transcripts (the sum of the native + transgenic) was decreased when the
transgenic AtSPDSl was induced (Fig. 26). The scenario indicated a down-regulation of
native AtSPDSl transcripts in hybrid plants upon induction. This apparently is not due to
co-suppression of the transgene since AtSPDSl transcripts increased significantly upon
induction in transgenic plants with only the inducible AtSPDSl. Thus the results
presented here and those from Majumdar (2011) and Bhatnagar et al. (2001) show a
rather complex regulation of Spd biosynthesis in different plants because in spite of
a >50-fold increase in Put, little change in either Spd or Spm contents was observed.
On the other hand, it can be envisioned that the co-expression of mODC and
AtSPDSl had transiently elevated the rate of Spd production, which in turn suppressed
the expression of native AtSPDSl as a feedback effect. This would however, require a
tight coordination of events for which no experimental evidence exists at present. On the
other hand, it can also be argued that the turnover rate of Spd might have been
accelerated concomitant with its increased biosynthesis, which would result in low or no
accumulation of Spd. Direct measurement of Spd and Spm catabolism in Arabidopsis
(Chapter III) and in poplar (Bhatnagar, 2002), however, do not lend support for such an
argument since the catabolism of these PAs is much slower than that of Put. Further
studies on the effects of high Spd/Spm on SPDS gene expression as well flux analysis of
Spd and Spm turnover using radioisotopes in hybrid plants would be a potential approach
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to investigate. The promoter: :GUS fusion constructs for the two genes would also be
quite suitable for studying the effects of exogenous Spd on the regulation of GUS
expression. These studies are currently underway in the lab. Besides that, the limited
substrates dcSAM due to the tightly regulated SAMDC activity could also be one of the
constraints to up-regulate Spd titer in the hybrid plants; this is also being investigated.
The lack of increase in Spd or a decrease in Put in the triple gene hybrids (AtSPDSl
X pfODC-SAMDC) shows that the biosynthesis of Spd is perhaps regulated in a more
complex manner than we have envisioned so far. It has been reported that in spite of the
abundance of PEST residues in the C-terminus of pfODC-SAMDC, the protein is more
stable than its mammalian counterpart (Wrenger et al., 2001). However, an interesting
feature of this bifunctional protein is that Put suppresses pJODC activity, effectively
conferring a feedback regulation of Put production whereas />/SAMDC activity is not
regulated by Put (Wrenger et al., 2001; Mtiller et al., 2008). This feedback control on Put
synthesis might explain why the Put level in the hybrid plants was not elevated. However,
in order to have a better understanding of the regulation of Spd synthesis, the enzymatic
activity of ODC and SAMDC in hybrid plants as well as western blots for pfODCSAMDC protein can be used to substantiate the expression level of pfODC-SAMDC at
protein/enzymatic level.
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CHAPTER n i

CATABOLISM OF POLYAMINES IN ARABIDOPSIS

Introduction
Polyamine Homeostasis in Plants
Based upon studies involving genetic manipulation by transgenic expression of ODC
or ADC genes (Bhatnagar et al., 2001, 2002; Nolke et al., 2008; Alet et al., 2011) and in
cases where Put levels increase in response to abiotic stress (Minocha et al. 2000,2010;
Wargo et al., 2002; Prabhavathi and Rajam, 2007; Alet et al., 2011), it has been known
that the cellular levels of Spd and Spm in plants are more tightly regulated than those of
Put. In all these cases, only small changes in Spd and Spm were observed, in spite of
several-fold increases in Put. Also in attempts to genetically manipulate Spd and Spm
levels directly by transgenic expression of either a SAMDC or a SPDS gene; often
changes in cellular content of these two PAs are much smaller than those seen in Put in
analogous studies with ADC or ODC overexpression (Shao et al., 2012 and references
therein). It is also evident from the published literature that the cellular content of Spm is
often very low in plants, leading to speculation that catabolism of Spd, rather than its
conversion into Spm, may be a major means of regulating its cellular content. However,
the information on catabolism of PAs in plants is rather scant. Our lab has provided
leadership in delineating the homeostatic regulation of PA catabolism and my results add
more information in that direction.
99

Andersen et al. (1998) were the first to show an up-regulation of Put catabolism
along with its increased conversion rate into Spd and Spm in transgenic carrot cell
cultures expressing the mODC cDNA. In later studies in non-transgenic (NT) and a
transgenic GUS (control line) and a transgenic (2E, a.k.a. HP) cell line of poplar (P. nigra
x maximoviczii), which also expressed the same mODC cDNA, Bhatnagar et al. (2002)
demonstrated that Put loss was proportionately higher in the HP cells, concomitant with
the increased rate of its biosynthesis; still a higher threshold of Put was maintained in the
HP cells. The half-life of Put turnover in the WT as well as the HP cell line was
calculated to be about 8 h. It was further demonstrated that increased catabolism of Put
was not accompanied by concomitant increases in diamine oxidase (DAO) activity, the
enzyme primarily responsible for Put catabolism. This indicates that the presence of this
enzyme in the cells is not a limiting factor for Put catabolism (Bhatnagar et al., 2002). On
the other hand, although the rates of Put conversion into Spd were three-fold higher in the
HP cells, the actual contents of Spd in the transgenic cells were only slightly higher than
the NT cells. It was obvious that the substrate Put was not limiting for Spd production in
the HP cells.
Additional studies with the same cell line showed that there was little or no
competition between the ethylene and PA pathways for the substrate SAM, indicating its
ample supply for the production of dcSAM (Quan et al., 2002). The reasons for a limited
increase in Spd levels in the HP cells could then be either that the enzyme SAMDC
and/or SPDS was limiting or the catabolism of Spd was increased in these cells
concomitant with its increased biosynthesis in a manner similar to what was observed for
Put catabolism but without reaching a higher threshold. Direct measurement of the half100

life of Spd turnover in the same two cell lines showed that overproduction of Put had
little effect on the metabolic turnover of Spd even though more Spd (in absolute amounts)
was being produced in the transgenic cells (Bhatnagar, 2002). The results also showed
that back conversion of Spd into Put as well as Spm into Spd occurred in these cells,
although the rates of back conversion were quite low; i.e. not sufficient to explain the
lack of significant increase in Spd. However, lacking the natural transport system of the
whole plant, the study on the cell cultures did not take into account the effects of
intercellular transport on the homeostatic regulation of PA cellular titers. The possibility
that secretion/excretion of Spd could be responsible for the apparent lack of increase was
not tested. By feeding with 15N-Put, Ohe et al. (2005) found that exogenous Put was
transported into shoots and roots during the germination of soybean and largely converted
into Spd and Spm with the latter being the major product. Kongkiattikajom (2009)
demonstrated that salt stress promoted PA degradation by enhancing DAO activity which
led to lower levels of all major PAs in maize seedlings. In pea seedlings, the total PA
content was elevated by salinity with concomitant increase in the Put catabolic enzyme
DAO as well as enzymes that metabolize PA degradation products: aminoaldehyde
dehydrogenases and peroxidase (Piterkovd et al., 2012).
A transgenic Arabidopsis line overexpressing the same mODC gene, under the
control of an estrogen inducible promoter was created by Majumdar (2011). Upon
induction, the transgenic plants showed dramatically increased production of Put.
Additional supply of Om further elevated the accumulation of Put. This transient increase
of Put production also caused changes in cellular levels of a series of amino acids. The
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results strongly indicated that Om was the limiting substrate for Put biosynthesis in
transgenic Arabidopsis plants expressing the mODC gene.
A part of my study was aimed at analyzing the effects of transient increase of Put
production in Arabidopsis plants expressing mODC on catabolism of the three major PAs.
This study with intact seedlings would complement similar past studies with poplar cell
cultures, and provide a better insight into the regulation of PA catabolism during transient
elevations in their contents.
Results
The Effects of High Putrescine on Polyamine Turnover
The turnover/catabolism of Put in the two types of high Put seedlings (constitutive
and induced) and the WT seedlings was studied in two different ways, with two questions
in mind. These were: Does the production/accumulation of high Put affect the rate of
catabolism of PAs? Is the exogenously provided Put catabolized differently from that
produced within the cells? Twelve-day old seedlings of the mODC-10-1 line (Majumdar,
2011) were induced with estradiol (for 8 h), then treated with [14C]Om or [14C]Put for 4 h
and transferred to label-free medium as described under materials and methods. The
distribution of 14C in different PAs was analyzed at various times after transfer to labelfree medium. Similar experiments were set up for the constitutive HP and WT plants.
Total PAs were also measured in these experiments using the same batch of
seedlings. The Put content in control (uninduced) plants showed a slight increase (<2 fold)
with time during the experimental period of 60 h (Fig. 28a). In the induced plants, at 12 h,
Put content increased up to 3 fold as compared with uninduced control plants (Fig. 28a).
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Figure 28. Cellular contents of PCA soluble PAs (nmol g'1 FW) in 2-week old inducible
mODC-10-1 seedlings at different time intervals after induction (5.0 pM estradiol), and
control (without estradiol). The times of 12,20,36 and 60 h after induction are equivalent
to 0, 8, 24 and 48 h after the removal of radioisotope. An (*) indicates significant
difference between induced and uninduced control (p<0.05, N=4).
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The accumulation of Put continued to 6, 8 and 10 fold of control at 20, 36 and 60 h,
respectively. Spermidine content did not show much difference between the two
treatments whereas a small decline (to ~80%) was found at 60 h for both (Fig. 28b). A
similar trend was also observed for Spm content (Fig. 28c). Additionally, diamine Cad
was found in induced plants, which was not present in control treatment, and its content
increased steadily over time (Fig. 28d). The Cad content in induced plants at different
times was as much as 25 to 30% that of Put, showing the potential insufficiency of Om
for mODC; thus allowing it to react with Lys, the less-favored substrate. These data
combined with the data on labeled PAs were used to calculate the specific activity of Put,
Spd and Spm in the seedlings (Bhatnagar et al., 2002).
To count the radioactivity in individual PAs, dansylated PAs were separated by TLC
r

and their bands were counted separately. An increase in total Put in the induced plants
was detectable by the brighter fluorescent bands in HP cells under UV light especially at
48 and 72 h (Fig. 29). The presence of Cad was also seen in all induced samples.
Turnover o f endoeenouslv produced Putrescine
As shown in Figure 30a, the uptake of [14C]Om in the control, the induced and the
constitutive mODC seedlings was quite similar except for a small reduction in the
induced transgenic seedlings. A decline in radioactivity in the PCA fraction was observed
over time in all three cases. In the toluene fraction, which contains all dansyl-PAs, the
amount of radioactivity was several-fold higher in the two HP lines at all times and the
total radioactivity in this fraction also declined with time. As much as 20-25% of
radioactivity from Om was present in the PA fraction at most times, showing a rapid

utilization of this amino acid in these cells (Fig. 30b). The remainder (about 70%) of
radioactivity still was found in the aqueous fraction (Fig. 30c), which contained soluble
amino acids, including unused [14C]Om. The amount of radioactivity in the constitutive
HP line was somewhat higher than the induced seedlings in the beginning of the
experiment, presumably derived from the higher mODC activity already present in this
line (Fig. 30b); >75% of radioactivity in the toluene fraction was found in Put (Fig. 31a).
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Figure 29. Separation of dansyl-PAs from [14C]Om incorporation experiment on TLC
plates as visualized under UV light. Lanes are: (1) and (3) uninduced 12-day old
seedlings of mODC-10-1 line at 48 and 72 h after transfer of seedlings to label-free
medium; (2) and (4) induced 12-day old seedlings of mODC-10-1 line at 48 and 72 h
after transfer seedlings to label-free medium.
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Figure 30. Amount of radioactivity from [14C]Om present in PCA extract (a), toluene
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Figure 31. Changes in the amount of [14C]Put (a), [14C]Spd (b) and [14C]Spm (c) with
time when 2-week old seedlings of mODC-10-1 (uninduced control as well as induced)
and constitutive 2x35S:\mODC-1 -7/2 plants were incubated with [14C]Om for 4 h,
washed with label-free medium, and transferred to fresh label-free medium. The
radioactivity of Put in control line was too low to be analyzed (less than 300 DPM g 1FW)
thus is not shown in the figure. Figure 31a inset: regression curve for the loss of [ C]Put
over the 8 h period in 2x35S:.mODC-1-7/2 and induced mODC-10-1 lines.
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Both lines showed a similar trend of decline in radioactive Put over time with about
50% loss being seen around 8 h after transfer of seedlings to the label-free medium (Fig.
31a); further decline followed a slower pace. The half-life (T1 /2 =loss of 50% radioactivity)
of Put was calculated by doing linear regression (Fig. 31a inset) of the data on loss of
[14C]Put during the first 8 h, which actually takes account of all Put loss including its
conversion into Spd, secretion out of cells as well as its catabolism. The half-life of Put
produced from the [14C]Om in the constitutive and induced lines was determined to be
about 8 h (Fig. 33). However, in this experiment, the loss of [14C]Put was apparently
underestimated because its production by ODC from [,4C]Om remaining in the cells
continued during this period. Therefore the actual T m of Put was most likely <8 h. The
control line had very low radioactivity in Put which did not show a clear trend of changes
(not shown in the Fig). The only radioactivity in the PA fraction in this line would have
come from [14C]Om (via ADC) after its conversion into [14C]Arg. The radioactivity in
Spd and Spm derived from endogenously produced [14C]Put was also higher in the two
HP lines than control but did not show a clear trend of changes with time (Fig. 31b, c).
The specific activity of the respective PAs (e.g. DPM [14C]Put.nmorl total Put) in
the two HP lines was calculated from the DPM and the total amount of the respective PA
in the seedlings at a given time. The results showed that specific radioactivity of Put
declined with time even faster than the loss of [I4C]Put because new non-radioactive Put
was being constantly produced in these lines, and the turnover of Put was rapid (Fig. 32a).
In contrast, Spd and Spm, whose contents did not change much with time, showed an
accumulation of radioactivity and increase in specific activity with time (Fig. 32b, c).
Noticeably, the induced line had substantially higher specific activity than the
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Figure 32. Specific radioactivity of [14C]Put (a), [14C]Spd (b) and [14C]Spm (c) derived
from [14C]Orn in 2-week old seedlings of induced and uninduced (control) mODC-10-1
line and constitutive 2x35S::mODC-1-112 line at different times following transfer of
seedlings to label-free medium.
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Figure 33. Calculated half-life (T 1/2 ) of [14C]Put in 2-week old seedlings of mODC-10-1
line without induction (control) (data from Fig. 35a) and upon induction (data from Fig.
31a and Fig. 35a) as well as 2x35S::mODC-7/l-2 line (data from Fig. 31a). The T 1 /2 was
calculated by using data on the loss of [14C]Put at various time during the first 8 h period.
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constitutive one during the first 4 h, which was perhaps a consequence of relatively low
Put content at the beginning of induction (Fig. 28a).
Turnover o f exoeenouslv supplied putrescine
The turnover of exogenously supplied [14C]Put was studied in the inducible mODC10-1 line in a way similar to that for endogenously produced Put. The objective was to
determine if the endogenously produced Put was catabolized in the same way as that
taken up by the cells from outside, and to reveal if the two pools of Put were readily
intermixed in the cells. In this experiment also, the radioactivity in PCA extract was
higher in the control than the induced HP seedlings (Fig. 34a, but the difference was
relatively small, i.e. <15%). Likewise, the amount of radioactivity in the toluene fraction
remained higher in the control seedlings than the induced ones, but the trend of changes
with time was similar (Fig. 34b). Additionally, the aqueous fraction, which represents PA
catabolic products, contained more radioactivity in HP plants, indicating that more
[14C]Put had been catabolized in the HP plants than the uninduced plants (Fig. 34c). The
radioactivity in aqueous fraction did not change much over time in either case, which
further indicates that the catabolic products of Put were either being quickly utilized by
other connected pathways (e.g. the succinate shunt) or secreted out of the cells instead of
being accumulated. For control plants, aqueous fraction represented about 40% of the
total radioactivity while in induced plants the aqueous fraction contained up to 50% of
the total radioactivity.
Similar to [l4C]Om experiment, a fast decline in the [14C]Put fraction was also
observed for both control and the induced plants with >50% loss in [I4C]Put occurring
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Figure 34. Amount of radioactivity from [14C]Put present in PCA extract (a), toluene
fraction (b) and aqueous fraction (c) of uninduced (control) and 8 h induced mODC-10-1
seedlings incubated with [I4C]Put for 4 h, washed with label free medium and transferred
to label-free medium for different time periods. Data are mean±SE of three replicates. An
(*) indicates significant difference between induced and uninduced control at given time
(p<0.05, N=3).
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by about 8 h (Fig. 35a). The amount of [14C]Put in induced plants was higher than control
plants (~2 folds) but that of [14C]Spd and [14C]Spm was much lower (Fig. 35b, c), which
may be due to less amount of radioactive Put being converted into radioactive Spd and
Spm in the former. This is consistent with the higher endogenous Put content in induced
plants, which in turn results in lower specific activity of Put (Fig. 36a), with the
possibility that amount of Put converted into Spd in both types of plants was comparable
(Table 6). This also explains as to why radioactivity in the Spd and Spm fractions was
higher in control plants (Fig. 35b, c). Specific activities of all three major PAs were
higher in control plants (Fig. 36). While Put specific activity decreased with time, Spd
and Spm did not exhibit much change.
From the data presented here, we were able to estimate the total amount of Put loss
in the seedlings on per g FW basis. While the control plants lost about 20 nmol Put g'1
FW, the induced plants lost >50 nmol of this diamine g'1 FW during the first 2 h (Table
6). Of the total Put loss, about 15 and 20 nmol.g'1 FW was converted into Spd in the
control and the induced plants, respectively, which was quite comparable. On the other
hand, most of Put in the HP plants was lost through its catabolism. The results lead us to
conclude that the production of Spd is apparently independent of the cellular Put content;
a conclusion which is consistent with the repeated observation that in response to growth,
stress or genetic manipulation, the Put contents often vary widely (up to 50 fold in some
cases), independent of the Spd and Spm contents. Up to 8 h, the Put loss in control and
induced (HP) plants was about 45 and 173 nmol g 1 FW, respectively, showing an
average rate of conversion of 10 nmol.g1 FW.li'1 in the control and 2 to 3 times faster
rate in the HP plants (Table 6). This is consistent with earlier reports with poplar cell
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Table 6. The amount of total Put lost (nmol g_1FW) during the first 2 and 8 h periods
after transfer of uninduced (-E) and induced (+E) seedlings of mODC-10-1 line to label
free medium following the [14C]Put incorporation and the rate of conversion of Put to
Spd (nmol g'1FW) during the first 2h.

Line (treatment)

Put loss (nmol g 1FW)
2h

Put to Spd conversion (nmol g'1FW)

8h

2h

mODC-10-1 (-E)

20

45

15

mODC-10-1 (+E)

51

173

20

Table 7. The percentage of radioactivity in different PAs accumulated at different time
periods out of the total radioactivity in toluene fraction at corresponding time after the
transfer of uninduced (-E) and induced (+E) mODC-10-1 seedlings to label free medium
after incubation with [14C]Put for 4 h.

Time (h)

Put

Spd

Spm

mODC-10-1

mODC-10-1
(-E)

(+E)

(-E)

0

9.51

42.14

55.74

24

2.94

17.04

48

3.75

18.96
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mODC-10-1
(-E)

(+E)

28.38

5.15

3.24

62.87

43.14

13.08

7.43

63.58

42.15

11.56

9.96

(+E)

cultures where control and HP lines were compared in a similar set of experiments. The
two studies with rather different experimental systems (cell cultures of a woody plant and
whole seedlings of Arabidopsis; the former under conditions of nutrient sufficiency and
the latter supplied with limited carbon) strongly indicate that the rates of Put loss are
more dependent upon Put production rates and/or related to cellular Om than on cellular
Put content (more discussion below).
The percentage of radioactivity in individual PAs out of the total radioactivity at
corresponding times in the toluene fraction is shown in Table 7. At 0 h, >55% and about
28% of the total radioactivity had been incorporated into Spd in the control and the
induced plants, respectively. The radioactivity remaining in Put was 9.51% in the control
and 42.14% for the induced plants. The difference between the two could be explained by
their different Put specific activities. This again suggested that the conversion of Put into
Spd was not proportionate to the content of Put. This conclusion is further supported by
the results of exogenous feeding of Put to the seedlings of the two HP lines.
The half-life of Put calculated following the same process as for [I4C]Om—»Put
conversion using the data from the first the 8h (Fig. 35a) showed that T\a of Put in
control and the induced plants was about 6.33 and 6.22 h, respectively (Fig. 33).
Catabolism of Spermidine
For Spd turnover experiments, following induction with estradiol, the mODC-10-1
seedlings were incubated with [14C]Spd for 4 h and samples were collected at 0 ,4 ,8 ,24 ,
48 and 72 h after transfer of plants to label-free medium. The PA fractions were analyzed
by dansylation and TLC separation as for Put. Total radioactivity in the PCA extract (0
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time represents uptake), the toluene fraction (representing all PAs) and the aqueous
fraction (amino acids and charged catabolic products) was similar at most times in the
control and the induced plants (Fig. 37). A clear trend of decline in radioactivity with
time was observed in both the PCA and the toluene fractions while an increase was seen
in the aqueous fraction (Fig. 37c) after 24 h; the latter indicates a steady accumulation of
non-PA catabolic products of Spd. The data show that >70% of the radioactivity in PCA
fraction still remained in the toluene fraction even after 72 h; the rest of it was recovered
in the aqueous fraction. The loss of radioactivity in the PCA extract with time was
perhaps due to leakage and incorporation into insoluble pellet.
Radioactivity present in Spd in the control and the induced plants was similar at all
times, and both showed a decline after transfer of plants to label-free medium with about
50% loss (T 1/2 ) occurring around 50 h (Fig. 38a). Similarly, no difference in [14C]Spm
was observed between the two treatments (Fig. 38b). The radioactivity in Put, on the
other hand did not differ much either between two treatments or with time during the first
24 h. However, differences in the accumulation of [14C]Put were apparent at 8 h; by 24
and 48 h the induced plants had several-fold higher [14C]Put in them (Fig. 38c). The
difference might be explained by relatively lower loss of [14C]Put in the induced plants
since very large amounts of non-radioactive Put were being added to the pool in them.
The results clearly show a significant amount of back-conversion of Spd into Put. Using
the observed radioactivity and the total PA levels in these plants at a given time, I
calculated the specific activity of the three PAs in the two groups of seedlings. It is
obvious from the data in figure 39 that major differences were seen only for Put between
control and HP plants; again perhaps due to lower total PA in the former. Specific
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Figure 37. Amount of radioactivity from [14C]Spd present in PCA extract (a), toluene
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activity of Spd exhibited a relatively slow decrease over time in both control and induced
plants but with little difference between the two (Fig. 39a). Spermine specific activity
showed no significant trend over time or between the two treatments (Fig. 39b).
The calculated total loss of Spd within the first 4 h was 27 nmol g'1 FW in the
induced plants, and almost three-fold of that by 8 h (Table 8). Only a small portion of this
was attributed to its conversion to Spm (4 nmol g'1 FW) and even smaller to back
conversion into Put (less than 1 nmol g"1 FW). While the amount of Spd converted into
Spm was similar in the two groups of plants at 4 h, the amount of Spd converted into Put
were much smaller in the induced plants. It should be pointed out the amount of Spd
back-converted into Put is most likely underestimated due to the fast turn-over of Put
which was discussed in the previous section. In terms of percentage of total PA (toluene
fraction) incorporated into different PAs, 60 to 70% of the total radioactivity was present
in Spd fraction at most times (Table 9). The percentage of radioactivity incorporated in
Spm was within the range of 10-15%.
The half-life of Spd calculated using regression of the data from the first 48 h was
52.25 h for the control and 55.93 h for the induced plants (Fig. 40).
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Control

Induced

Figure 40. Calculated half-life (T 1/2 ) of [14C]Spd in 2-week old uninduced control and
induced seedlings of mODC-10-1 line (data from Fig. 38a). The
was calculated by
using data on the loss of [,4C]Spd at various time during the first 48 h period.
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Table 8. The amount of total Spd lost (nmol g'1 FW) during the first 4 and 8 h and the rate
of conversion of Spd to Spm and Spd to Put (nmol g"1 FW) during the first 4 h period after
transfer of uninduced (-E) and induced (+E) seedlings of mODC-10-1 line to label free
medium following the [14C]Spd incorporation. The Spd loss at 4 h in uninduced seedlings
(-E) was unable to calculate due to the slight increase of DPM in Spd (Fig. 38a).

Line (treatment)

Spd loss
(nmol g*FW)
4h

Spd to Spm conversion
Spd to Put conversion
(nmol g‘l FW)

8h

4h

4h

mODC-10-1 (-E)

NC

76

5

2

mODC-10-1 (+E)

27

71

4

<1

Table 9. The percentage of radioactivity in different PAs accumulated at different time
periods out of the total radioactivity in toluene fraction at corresponding time after the
transfer of uninduced (-E) and induced (+E) mODC-10-1 seedlings to label free medium
after incubated with [14C]Spd for 4 h.

Spd

Spm

mODC-10-1
(-E)
(+E)

mODC 10-1
(-E)
(+E)

mODC 10-1
(+E)
(-E)

0

2.81

3.20

71.75

74.31

11.56

9.91

24

3.41

5.03

69.14

71.26

13.17

13.60

48

4.12

7.30

62.61

61.30

14.48

12.34

72

3.76

16.55

62.44

47.10

12.73

11.76

Time (h)

Put
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Catabolism of Spermine
The turnover of Spm, studied by feeding the plants with [14C]Spm, followed a trend
very similar to that of Spd. The radioactivity in PCA, toluene and aqueous fractions
showed similar amounts in the induced and the control plants; the first two decreasing
with time and the aqueous fraction showing an increase with time (Fig. 41). The aqueous
fraction contained a small portion (5~20%) of the total radioactivity (Fig. 41c).
Control and induced plants showed very similar trends of changes in radioactivity
with time in the Spm fraction with approximately 50% loss occurring around 24 h after
transfer to label-free medium (Fig. 42a). The [14C]Spd content was slightly higher in
control than the induced plants, and both increased up to 24 h and then declined (Fig.
42b). The amount of radioactivity in Put (Fig. 42c), which was always <20% of that in
Spd, showed major increase at 48 and 72 h in the induced plants. The changes in specific
activity of [14C]Spm and [14C]Put in both groups of plants showed similar trends, but
several fold lower numbers in the induced plants for Put (Fig. 43a, c). Spermidine
specific activity in both cases increased until 48 h and decreased thereafter (Fig. 43b).
The calculated half-life of Spm in the two groups of plants was about 13-15 h (Fig. 44).
The total loss of Spm during the first 8 h in the control vs. the induced plants was
quite comparable, and almost all of it seemed to go towards Spd (Table 10). However, a
small amount of [14C]Spm did appear in Put as well, reconfirming the conversion of Spd
into Put. Consistent with these data, the percentage distribution of Spd and Spm in the
toluene fraction was comparable in the two groups of plants; [14C]Put being greater in the
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induced vs. the control plants (Table 11). More than half of the [14C]Spm had been backconverted into [,4C]Spd.
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Table 10. The amount of total Spm lost (nmol g '‘FW) and the rate of conversion of Spm
to Spd (nmol g_1FW) during the first 4 and 8 h period after transfer of uninduced (-E) and
induced (+E) seedlings of mODC-10-1 line to label free medium following the [14C]Spm
incorporation.
Line (treatment)

Spm loss
(nmol g^FW)

Spm to Spd conversion
(nmol g'FW )

4h

8h

4h

8h

mODC-10-l (-E)

15

18

19

27

mODC-10-1 (+E)

12

17

13

18

Table 11. The percentage of radioactivity in different PAs accumulated at different time
periods out of the total radioactivity in toluene fraction at corresponding time after the
transfer of uninduced (-E) and induced (+E) mODC-10-1 seedlings to label free medium
after incubated with [14C]Spm for 4 h.

Time (h)

Put

Spd

Spm

mOZXMO-l

mODC-10-l

(-E)

(+E)

(-E)

0

3.12

3.11

16.15

13.46

64.79

59.72

24

2.97

3.67

48.57

41.48

36.18

42.71

48

4.16

7.80

52.95

42.95

32.18

37.70

72

3.48

14.76

48.82

35.31

26.56

28.51
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(+E)

mODC-10-1
(-E)

(+E)

Discussion
The Effect of Endogenous Polyamines on the Uptake of Ornithine and Polyamines
The uptake (transport) of PAs is believed to be mediated through specific PA
transporters in E. coli and yeast (Igarashi and Kashiwagi, 2010a, 2011; Muangi et al.,
2012a, b). However the mechanism of PA transport in other eukaryotes has not been well
characterized. In mammalian cells, where the existence of PA transporters is still debated,
uptake was induced by low cellular PA content (Igarashi and Kashiwagi, 2010a), which
indicated that the endogenous PA levels had a feedback effect on their uptake. More
recently, Mulangi et al. (2012b) have identified a Spd-preferential transporter in rice.
Heterologous expression of this protein in yeast coupled with exogenous feeding of PAs
showed that higher cytoplasmic Spd content down-regulated the activity of this
transporter. The authors speculated that the feedback regulation was attributed to a
conformational change in the transporter upon binding to Spd. The results presented here
however suggest that endogenous pool of PAs has only a minor effect on the uptake of
[14C]Put, and its substrate Om (Fig. 30a, Fig. 34a). Likewise, the uptake of [14C]Spd and
[14C]Spm was not affected significantly by the endogenous Put content (Fig. 37a, Fig.
41a).
Taking into account that the Spd and Spm titers in the cells as well as Arg (and also
its conversion into Put; Majumdar, 2011) in the HP were not affected by excess Put
production from Om (Fig. 28b, c), one might conclude that the transport of different PAs
in Arabidopsis is independent of the cellular concentration of each other. In an earlier
study we found that in poplar cells also, the uptake of [14C]Put in HP and control cell
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lines was quite similar (Bhatnagar et al., 2002); however the uptake of [14C]Spd and
[14C]Spm was negatively affected by higher Put in the HP cells (Bhatnagar, 2002). This
difference may be either due to different sensitivities of the PA transporters to
endogenous PAs in the two species or due to difference in the behavior of intact seedlings
and cell culture systems used in the two studies. Studies on the uptake of PAs in other
plants have shown different kinetics of uptake, indicating diverse PA transport
mechanisms in different species (Kakkar et al., 1997; Theiss et al., 2004; Ohe et al., 2005;
Mulangi et al., 2012a, b).
The minor difference in Om uptake between the induced and the constitutive lines
may indicate the homeostatic adjustment of the latter to the continued production of Om
in response to its increased utilization; thus having no negative effect of endogenous Put
on its uptake. These results were in contrast to the study in poplar cell cultures, which
showed more than double the amount of [14C]Om uptake in constitutive HP cells than the
control cells (Bhatnagar et al., 2002).
Overall it appears that the uptake of PAs and their precursor (Om) is mediated by
complicated transport mechanism(s), which might differ among species. Based on the
current results, it seems that higher endogenous PA content often has a feedback
regulation on uptake/transport of a certain or several PA(s). However, since neither the
biochemical properties nor the specificity of PA transporters and their role in uptake of
exogenous PAs/precursors vs. transport from one tissue/organ to the other is known, the
kinetics of PA movement into and out of plants cells remain controversial.
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Regulation of Putrescine Turnover
The PA titers in different plant tissues and organs during their life cycle depend on
their biosynthesis, transport, degradation and conjugation. Besides free molecules, PAs
also occur in conjugated forms in plant cells by reacting with small molecules like
phenolic acids or macromolecules such as proteins (Bagni and Tassoni, 2001; Walters,
2003; Bassard et al., 2010). The phenolic-conjugated PAs (known as phenolamides or
hydroxycinnamic acids amides) play roles in a variety of plant development and defense
processes; e.g. floral initiation, pollen development, cell wall cross-linking, defense
against microbes and insects, and adaption to abiotic stresses (Walters, 2003; Bassard et
al., 2010; Fellenberg et al., 2012). The protein conjugated PAs are presumably involved
in complex biological functions such as photosynthesis (conjugated into thylakoid),
elongation of pollen tube and organization of cytoskeletal proteins (Bagni and Tassoni,
2001). The distribution of free and conjugated PAs vary among different plants. In
tobacco, the majority (up to 90%) of PAs may be present in the conjugated form (Bangi
and Tassoni, 2001; Paschalidis and Roubelakis-Angelakis, 2005), while in poplar,
Bhatnagar et al. (2002) found no evidence for their biosynthesis from exogenous Om or
Put. In Arabidopsis, it has been shown that free PAs are the dominant constituents of PA
pool throughout life cycle except in flowers and seeds where conjugated PAs (preferably
Spd) constitute about 30% and 60% of total PA titers, respectively (Tassoni et al., 2000,
2008; Bagni et al., 2006; Imai et al., 2004a, b).
I studied the turnover of Put in Arabidopsis seedlings for both the endogenously
produced Put as well as the exogenously supplied Put. This study being only short term,
did not involve the analysis of conjugated PAs which are present in minor quantity in
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seedlings anyway. The study was designed to indirectly probe if there was a mixing of
different Put pools in the cells. Both experimental approaches showed consistent results
in that the turnover of Put was quite rapid in Arabidopsis seedlings with a calculated halflife of ~6 to 8 h (Fig. 33). Moreover, the initial half-life of Put was rather similar in the
HP and the control plants even though the total (amount of) Put lost in the HP plants was
3 to 4 times greater than that in the control plants (Table 6). These results are consistent
with the study of Bhatnagar et al. (2002) in poplar cells. While the results indicate the
loss of Put being proportionate to its rate of production, that does not seem to be the case
for its conversion into Spd (Table 6), suggesting that the production of Spd is
independent of the abundance of its substrate Put. Regarding the different pathways for
Put loss, whereas the control plants had its conversion into Spd as the main pathway, in
the HP plants larger amounts of Put were degraded through catabolism (Table 6).
Based on our results, it can be inferred that the catabolic system in WT Arabidopsis
is working significantly below its capacity to handle Put; thus more Put is quickly
degraded depending upon its rate of biosynthesis and/or its cellular content. However, it
is not presently clear if the catabolic mechanism(s) are activated by higher Put titer in
cells or possibly by a reduction in Om titers. Majumdar (2011) has proposed a major role
for Om suggesting that its titers are closely monitored, and it plays a critical role in
governing Put biosynthesis and degradation as well as the metabolism of several amino
acids related to PA metabolism.
It is known that Put is oxidized by DAO as the first step of catabolism. In poplar cell
suspension cultures, increased Put catabolism neither caused a concomitant induction of
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DAO gene expression nor its enzyme activity indicating this enzyme was not a rate
limiting factor (Bhatnagar et al., 2002; Page et al. 2007, 2012). In other words, the
catabolism of Put was regulated largely by its own cellular content, without altering
either gene expression or enzyme activity of DAO. In Arabidopsis, eight putative DAO
genes have been identified whose expression was found to be weak in most tissues
(including the seedlings), and possibly triggered by various abiotic stresses (Shelp et al.,
2012). It can be argued that the induction of DAO under stress (high Put) may follow a
similar mechanism as its up-regulation by the transgenic approach; i.e. both involve
analogous signaling pathways. It can further be argued that it may happen through Om,
as suggested by Majumdar. Currently there is no direct experimental evidence to indicate
this. According to Shelp (2012), since the stress responses are generally accompanied by
changes in the cellular redox balance, it may also play a role in regulating the DAO
activity. Similar results have been reported in olive and developing barley grain where
increased DAO activity corresponded to higher Put or Cad content (Asthir et al., 2002;
Gomez-Jimenez et al., 2010). In soybean hypocotyls, the DAO (Cu amine oxidase)
activity was elevated concomitant with the increase of its substrate Cad on exposure to
salinity (Campestre et al., 2011). Quinet et al. (2010) demonstrated an increase in DAO
and PAO activities in response to salt stress as well as exogenous supply of Put; they
further suggested that it was transcriptionally regulated. Neither the activity of DAO nor
the expression of various DAO genes in the WT, constitutive or induced mODCtransgenic Arabidopsis lines has been studied so far.
In [14C]Om-feeding experiments, with the endogenously produced Put being traced,
the constitutive and induced HP plants behaved similarly in terms of Put degradation.
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Only at 2 h after the [14C]Om incubation, a small increase in [14C]Put produced from
[14C]Om was detected in induced plants (Fig. 31a). This suggested that the Put titer in
constitutive plants had gone through homeostatic adjustment and reached a steady state
level of Om (Bhatnagar et al., 2002). On the other hand, the steady-state equilibrium
between the biosynthesis and catabolism of Put in induced plants had not been
established during early period of induction due to the continuously increasing mODC
activity; i.e. Om utilization. We believe that this short-term induction of Put by estradiol
should mimic what happens in nature when plants respond to developmental and/or
environmental changes much better than the constitutive manipulations. A temporal lag
of catabolic activation following the induction of its biosynthesis would explain the
increase of [14C]Put at the beginning of the experiment; which would then trigger DAO
activity. There is no indication from the present study as to which DAO gene(s) is/are
being activated in the HP cells. This can be studied by either using hybrid plants which
have various AtDAOv.GUS promoter fusion constructs co-existing with the inducible
mODC gene and/or by QRT-PCR for the various members of the DAO gene family.
In plants, Om and Arg can be inter-converted through the activity of multiple
enzymes (Fig. 1). Taking into account the rather low Put content in control plants, which
lack the ODC pathway, and produce it only via the ADC pathway, one might infer that
Om—*Arg conversion occurs at a very low rate in Arabidopsis seedlings. Likewise, the
lack of increase in Put on feeding induced plants with exogenous Arg (Majumdar, 2011)
shows that there is minimal, if any, Arg conversion into Om, as it happens in animals.

The Terminal Catabolism and Back-conversion of Higher Polyamines
The cellular titers of Spd and Spm are regulated by more complicated catabolic
machinery than that of Put (Fig. 2). It is well known that in mammals, Spm and Spd are
easily back-converted into lower PAs via the Spd/Spm N1-acetyltransferase (SSAT)
pathway. The intermediates acetyl-Spd and diacetyl-Spm can be eventually converted
into acetyl-Put by N1-acetylpolyamine oxidase (APAO) (Casero and Pegg, 2009). The
expression of APAO is constitutive. The enzyme SSAT, whose activity is induced by
increasing PAs as well as various stimuli associated with pathological and physiological
conditions, is the rate-limiting enzyme to regulate back-conversion. Additionally, Spm
oxidase (SMO), which prefers non-acetyl-Spm vs. acetyl-Spm as the substrate, also
catalyzes the back-conversion of Spm to Spd in animals (Cervelli et al., 2012). This
highly inducible enzyme is apparently involved in drug response (antitumor PA analogs,
etc.), apoptosis, response to stressful stimuli and several pathological conditions,
including cancer.
Unlike animals, plants do not have the SSAT pathway but possess terminal catabolic
PAOs, which are apparently absent in animals (Cona et al., 2006; Casero and Pegg, 2009;
Tavladoraki et al., 2012). In plants, Spm is broken down into 1 ,3-diaminopropane and N(3-aminopropyl)-4-aminobutanal, and Spd into 13-diaminopropane and 4-aminobutanal
with the concomitant production of H2 O2 . Such PAOs have been well characterized in
monocots, particularly in maize and barley (Cervelli et al., 2001,2006; Sebela et al., 2001;
Cona et al., 2006). The byproduct H2 O2 is used in developmental cell wall maturation and
lignification, and wound-healing and cell wall reinforcement responsive to pathogenic
stress (Cona et al., 2006). The product 4-aminobutanal is further metabolized to GABA,
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which plays critical roles in numerous physiological processes: e.g. carbon fluxes into
TCA cycle, cell signaling, and protective role against oxidative stress (Cona et al. 2006;
Angelini et al., 2010; Shelp et al., 2012). As the precursor of f)-alanine and uncommon
PAs, 13-diaminopropane is also associated with stress tolerance (Cona et al., 2006).
In the past decade, several studies have reported the occurrence of back-conversion
pathways of higher PAs into lower ones in plants, catalyzed presumably by PAOs, which
bridged the gap between plant and mammalian PA catabolism (Moschou et al., 2008a, b;
Tavladoraki et al., 2012). Plant PAOs catalyzing similar reactions as the mammalian
SMO have substrate specificity to non-acetyl PAs. Duhaz6 et al. (2002) reported that in
addition to terminal catabolism, back-conversion into Put was also a pathway for Spd
degradation in the roots of Limonium tataricum. In rice, OsPA03, OsPA04 and OsPA05,
which have the same subcellular localization (peroxisomes) as the mammalian PAOs,
were shown to catalyze back-conversion reactions (Ono et al., 2012). Particularly,
OsPA03 was found to have PA back-conversion activity with highest substrate affinity to
Spd, followed by tSpd and Spm. The OsPA04 and OsPA05, on the other hand, showed
substrate specificity to both Spm and tSpm, and were able to convert them into Spd. This
study was performed in vitro using the corresponding recombinant OsPAOs treated with
individual PAs as substrates and the reaction products were analyzed by HPLC.
In contrast to monocots, where the PAOs are deemed to be present in the cell wall
(Kaur-Sawhney et al., 1981; Sebela et al., 2001), the Arabidopsis AtPAOl and AtPA05
have been predicted to have cytosolic localization based on the bioinformatics analysis
(Tavladoraki et al., 2006; Fincato et al., 2011). AtPAOl was demonstrated to convert
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Spm and nor-Spm into Spd and nor-Spd respectively, in vitro (Tavladoraki et al., 2006).
More recently, Takahashi et al. (2010) demonstrated that it prefers tSpm and nor-Spm
over Spm as substrates. The second group of PAOs in Arabidopsis with a peroxisomal
localization includes AtPA02, AtPA03 and AtPA04; the former two were shown to
have a similar catalytic activity to sequentially convert Spm into Spd and Spd into Put but
with preference for Spd in vitro (Moschou et al., 2008b; Takahashi et al., 2010). The
back-conversion of tSpm into Spd was observed for AtPA02 (Takahashi et al., 2010);
and AtPACM was shown to convert Spm into Spd but not further into Put (KamadaNobusada et al., 2008; Fincato et al., 2011). In vivo study also indicated the backconversion pathway in Arabidopsis protoplasts and whole plants as well as tobacco
protoplasts (Fincato et al., 2011). Organ and tissue specific expression revealed distinct
expression patterns of these genes indicating their diverse functions in different
developmental and physiological processes (Takahashi et al., 2010; Fincato et al., 2012).
Regulation of Spermidine and Spermine Turnover
In spite of the above discussion, few studies have established the underlying
mechanism for regulation of PA catabolism in plants (including the enzyme kinetics),
whereas the topic has attracted a great deal of attention in animals, especially mammals.
Even less is known about the responses of plant PAOs to genetic manipulation of the PA
pathway. Recent characterization of plant PAOs, which catalyze the back-conversion of
PAs in a way parallel to that in animals, has indicated the biological mechanisms by
which Spd and Spm contents are regulated in plants (Moschou et al., 2008a; Tavladoraki
et al., 2012). The cellular Spd content is an outcome of its biosynthesis from Put, backconversion from Spm, and its conversion and back-conversion into Spm and Put,
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respectively, as well as its terminal catabolism (Fig. 2a). One should of course also be
aware of its transport to other tissues and organs in whole plants and its excretion into the
medium in cell cultures. Therefore, the contribution of individual sub-pathways to the
overall Spd titer is challenging to elucidate by simply looking at the cellular PA contents.
The radioisotope feeding experiments reported here reveal that the T 1 /2 of Spd was
around SO h in both control (uninduced) and the HP Arabidopsis seedlings, which took
into account all aspects of turnover mentioned above. The total Spd loss did not differ
between the uninduced and the HP plants during the first 8 h (Table 8) of transfer from
[14C]Spd to radioisotope-ffee medium, which is in agreement with the finding that the
production of Spd from Put was not affected much by the endogenous Put. Both in the
induced and the uninduced plants, only a small proportion of total Spd loss was from its
conversion into Spm (~13%) or Put (<5%) during the first 4 h (Table 8). The results are
consistent with previous work in poplar cells (Bhatnagar, 2002) leading to the suggestion
that Spd loss in plants in general may be largely due to its terminal catabolism.
Following a similar logic for Spm loss due to various sub-pathways, in Arabidopsis
seedlings, my calculations show the half-life of Spm to be about 13-14 h, which is much
shorter than Spd but longer than Put. The total Spm loss (g'1 FW) in the first 4 and 8 h
was comparable in the control and the HP (induced) plants, although the conversion of
Spm into Spd was about 50% higher in the uninduced plants (Table 10). This indicates
that for Spm turnover, back-conversion might be the major route, which is in line with
the finding that Spm-to-Put back-conversion involves an effective recycling loop under
drought stress in Arabidopsis (Alc&zar et al., 2011). Note that, as seen with [14C]Spd
feeding, less than 4% of radioactivity appeared in the Put fraction at 24 h. Notably, the
140

back-conversion of Spm into Spd seemed to occur at a relatively higher rate in control
plants (Table 10), which may explain as to why no [14C]Spd loss was seen during the first
4 h after [14C]Spd incubation in control plants.
As described above, in Arabidopsis, four of the five PAO genes (AtPAOl-AtPA04)
have been suggested to favor the back-conversion reaction (Fincato et al., 2011). The
only evidence suggesting the terminal catabolic activity in this species was the production
of small amount of 13-diaminopropane parallel to the major product of nor-Spd from the
oxidation of nor-Spm by AtPAOl (Tavladoraki et al., 2006). As mentioned earlier,
several authors have argued that in Arabidopsis Spm may not even be essential, since the
mutants of AtSPMS could live normally, as long as some tSpm was produced by AtACLS
(Imai et al., 2004a; Rambla et al., 2010). These arguments then leave AtPA05, whose
catalytic properties have not been elucidated, as a potential candidate for the terminal
metabolic enzyme. However, AtPA05 showed a very different gene organization from
ZmPAO, which catalyzes the terminal catabolism of PAs in maize (Fincato et al., 2011).
Our results suggest that the terminal catabolism of Spd and the back-conversion for Spm,
respectively, are the major pathways for catabolism of higher PAs. This argument is
consistent with the study of Fincato et al. (2011), who showed that feeding of [14C]Spd in
Arabidopsis protoplasts resulted in the accumulation of both [14C]Put and the terminal
catabolic product [14C]4-aminobutanal. The accumulation was inhibited by guazatine (a
PAO inhibitor) but not by DAO inhibitor 2-bromoethylamine. On the other hand, when
[14C]Spm was used, only [14C]Spd accumulated and no Spm terminal catabolic product
was detected. Although, the authors did not interpret this result in detail, taken together
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with our findings, one might postulate the existence of un-identified PA oxidase(s) which
mainly catalyzes the terminal metabolism of Spd in Arabidopsis.
In summary, the present study, while corroborating earlier reports, provides new and
unique insights into the metabolism of higher PAs in Arabidopsis.
•

a) It reveals that Put turns over much faster than either Spd or Spm in that its halflife is 6-8 h vs. twice as much for Spm and about 4-5 times more for Spd.
b) The results further verify the existence of an in vivo back-conversion pathway for
both Spd and Spm into lower PAs.
c) For the first time, we provide direct evidence for the hypothesis that Spm is
mainly converted back to Spd and not terminally degraded. On the other hand,
Spd is removed from the cells through terminal catabolism, conversion into Spm
and back-conversion into Put, the first one being predominant.
d) A feedback regulation of the back-conversion pathway (Spm to Spd and Spd to
Put) has been indicated in this study.
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CHAPTER IV

PRODUCTION OF B-GLUCURONIDASE (GUS) PROTEIN WITH RAPID
TURNOVER

Introduction
Intracellular Protein Degradation
In eukaryotic cells, in addition to direct proteolysis by soluble proteases, selective
degradation of proteins is carried out by proteasomes, which are high molecular mass
complexes; e.g. the 26S proteasome commonly found in most eukaryotes (Kurepa and
Smalle, 2008). The degradation by 26S proteasome often requires addition of ubiquitin
(Ub) or some other modification of the target protein (Starkova et al., 2000). The Ub
pathway involves El Ub-activating enzymes, E2-conjugating enzymes and E3 Ub
ligases. Apparently, the E3 Ub ligases recognize and bind to the substrate protein by
recognizing specific degradation signal sequences, thus conferring specificity of
degradation (Fig. 45).
There are certain signal amino acid sequences, which are recognized and aid in
targeting the protein for degradation. Among them is a phenomenon called the ‘N-end
rule’. According to this rule, proteins with certain amino acid residues like Met, Ser, Ala,
Thr, Val, Gly, and Cys at the N-terminus are more stable, whereas those with amino acids
like lie, Glu, Tyr, Gin, His, Phe, Leu, Asp, Lys, Arg, Asn and Trp are less stable
(Bachmair et al., 1986; Graciet et al., 2010). The ‘N-end rule’ destabilizing residues are
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hierarchically classified into three categories: primary destabilizing residues are
recognized and bound by E3 Ub ligases, secondary destabilizing residues have to be
modified before they are targeted. In mammals and plants, secondary destabilizing
residues like Asp, Glu and oxidized Cys are arginylated, and then Arg becomes a primary
residue at the N-terminus (Saha and Kashina, 2011). The tertiary destabilizing residues
are first modified into secondary stabilizing residues and then arginylated. However, a
destabilizing residue is not the only requirement for functional N-end rule pathway. An
internal Lys residue in spatial location to N-terminus for Ub-conjugation and a flexible
region near the residue are also needed (Graciet et al., 2010).
Besides the N-terminal rule, so called PEST sequences (sequences enriched with Pro,
Glu, Ser and Thr), regulate rapid protein degradation (Rogers et al., 1986; Belizario et al.,
2008). These sequences may be present at either the C or the N terminus or within the
protein. The mechanism of recognition of PEST signals is not well characterized but is
believed to utilize the Ub-proteasome pathway. In some cases, phosphorylation of PEST
residues occurs before the substrates are targeted by E3-Ub ligases. Besides Ub,
degradation of proteins with PEST signals can also occur through other pathways, some
of which are quite complex (Starkova et al., 2000; Jariel-Encontre et al., 2008). For
example, degradation of the mammalian ODC which has a string of about 39 (PEST)
residues at its C-terminus is mediated by another protein called antizyme. Antizyme is
believed to bind to ODC monomer to change its structure and result in exposure of the
PEST signal to 26S proteasome (Starkova et al., 2000; Kahana et al., 2005; JarielEncontre et al., 2008). Inhibition of antizyme activity subsequently leads to increased
intracellular levels of ODC protein and enzymatic activity. An antizyme with N-terminus
144

deletion failed to promote the degradation of ODC by proteasome in vitro as well as in
hepatoma tissue culture (HTC) cells which suggests that the N-terminal half of the
antizyme is required for acceleration of protein degradation (Li and Coffino, 1994; Li et
a l, 1996; Coffino, 2001; Kim et al., 2006).

Figure 45. Protein degradation through the ubiquitin pathway. Ubiquitin modification is
an ATP-dependent process. A Ub activating enzyme (El) bonds with Ub protein, which
then is transferred to a Ub conjugating enzyme (E2). An isopeptide bond is formed
between the C-terminus of Ub and a Lys residue on the substrate protein with the help of
one or several Ub ligase (E3). Multiple ubiquitination cycles resulting in a poly-Ub chain
are required for targeting a protein to the proteasome for degradation. The multisubunit
26S proteasome recognizes, unfolds and degrades polyubiquitinated substrates into small
peptides. Ubiquitin is removed from proteins and recycled for further rounds of
ubiquitination.
(http://www .cellsignal .com/reference/pathway/Ubiquitin_Proteasome .html).
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Destabilizing PEST Sequence in ODCs
The presence of PEST sequences has been found in numerous proteins with rapid
turnover rates. The sequences and lengths of PEST residues vary a lot but have been
defined as hydrophilic sequence greater than or equal to 12 residues which contain at
least one P, one E/D and one S/T. Their secondary structures are not conserved
(Rechsteiner and Roger, 1996; Belizario et al., 2008; Zhuang et al., 2012). The
distribution of PEST sequences in a protein can vary greatly but most often they are
found as the N or C-terminal extensions. Mutations in certain PEST residues in some of
the rapidly degraded proteins increased their half-life much more dramatically than other
residues (Rechsteiner and Roger, 1996; Belizario et al., 2008). Single mutation of Thr105
or Pro106 in the PEST region of GCN4 protein for example, inhibited the rapid
degradation of this protein more efficiently than mutantion of the other PEST residues
(Komitzer et al., 1994).
A 39 amino acid PEST sequence (Fig. 46b) is found at the C-terminus of mouse
ODC (mODC), but is absent in the ODC of some other species (Phillips et al., 1987).
This sequence was shown to be responsible for a rather short half-life of 15-20 min of
this protein. Deletion of this sequence made it a stable protein in both COS (African
Green monkey kidney) cells and in vitro reticulocyte-lysate-based degradation system
without affecting its enzyme activity (Ghoda et al., 1989; Rosenberg-Hasson et al., 1991;
Lu et al., 1991). It was also seen that a mutation Cys441—*Try in the PEST region,
occurring naturally in HMOa cells, largely stabilized ODC as compared to the parental
line HTC cells. The same mutation also led to slower degradation of ODC in Chinese
hamster ovary (CHO) cells and in vitro reticulocyte-lysate degradation system (Miyazaki
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et al., 1993). Unlike mammalian ODCs, ODCs from various parasites such as
Trypanosoma brucei and Leishmania donovani, lack the C-terminal PEST sequence and
are quite stable (Persson et al., 2003). Fusion of this PEST sequence from mODC to the
C-terminus of T. brucei ODC resulted in rapid degradation of the fusion protein in CHO
cells (Ghoda et al., 1990).
Noticeably, the expression of mODC in T. brucei resulted in a longer half-life of
mODC, which might be explained by the absence of mammalian protein degradation
machinery for ODC in T. brucei (Bass et al., 1992). However, another study (DeScenzo
and Minocha, 1993) revealed that the PEST region of mODC also controls its activity
(presumably through turnover) under transgenic expression conditions in plants.
Transgenic tobacco plants expressing m ODC without the PEST sequence showed higher
mODC protein abundance, enzyme activity and cellular Put (enzymatic product) than
those with native mODC. This result indicated that plants might possess a similar
proteolytic system as mammalian cells, which is responsible for degradation of the
heterologous mODC with PEST region. Since then, our lab has used a (PEST)-truncated
mODC in poplar and Arabidopsis to significantly increase Put production in these
systems (see chapter III of this thesis and references therein).
Several studies have reported that the mODC PEST sequence can be used as a
transportable proteolytic signal even for heterologous proteins. Loetscher et al. (1991)
demonstrated that dihydrofolate reductase (DHFR) with N or C-terminal extension with
mODC PEST region was degraded (in vitro) as much as 40-fold faster than the native
DHFR or the one bearing equal length of non-PEST extension. The extension, however,
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did not affect the enzyme activity thus showing non-interference with protein folding.
Fusion of mODC PEST sequence at the C-terminal end of GFP resulted in an unstable
protein with decreased half-life of about 2-6 h vs. 26 h (of the native protein) in
mammalian cells (Li et al., 1998; Kitsera et al., 2007). Mutations in different single PEST
residues were shown to influence the turnover rate of the fusion GFP protein differently
suggesting that different residues contribute to protein instability in varying ways.
Following the same logic, I studied the feasibility of making a GUS protein with a shorter
half-life by attaching the mODC PEST sequence to the bacterial GUS protein.
Approaches to Study the Turnover (half-life) of Proteins
There are several experimental approaches that have been used to study the turnover
rates (i.e. ti/2 ) of proteins within a cell, such as western blot, ELISA (Enzyme-Linked
Immunosorbent Assay), enzymatic assay and the so-called “pulse-chase” approach.
Western blot is a widely used technique, which shows the disappearance of a peptide
whose presence is detectable by specific antibodies. This approach usually can be
combined with the fusion of a tag for which a commercial antibody is available. The
method detects the presence of total protein (with the tag) regardless of the secondary
structure of the protein. ELISA allows quantitative analysis of protein turnover rates
using a chemiluminescent or florescent tag, which can be quantified; this technique also
requires a protein-specific antibody for detection. Proteins possessing enzymatic
activities can be assayed, thus actually measuring the functional protein, and not the
presence of an inactive (or partially degraded) protein or peptide. Additionally, the
“pulse-chase” approach, which incorporates radioisotope into a target protein (e.g.
[35S]Met or [35S]Cys), is a reliable but cumbersome way to study protein decay by
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measuring the decay of radioactivity (Belle et al., 2006) in combination with one of the
above approaches. Moreover, L6vy et al. (1996) developed an ubiquitin protein reference
(UPR) system in which the test protein is translationally fused to a stable reference
protein separated by a Ub monomer. Such fusions are rapidly cleaved by Ub-dependent
proteolytic process, producing equal-molar amounts of the target and the reference
protein. I used quantitative enzyme GUS assay to measure its degradation. I used the
fluorescent MUG assay to measure the activity of GUS at various times after induction
and the inhibition of the transgenic GUS production by CHX.
Results
Generation of PEST/GUS Fusion Constructs
To produce a GUS protein with shorter half-life, coding sequence for the 45 amino
acid C-terminal residues from mODC was fused with the GUS coding sequence at the N
(N-l) or the C (C-l) terminus, separately (Fig. 46a). In addition to that, two truncated
PEST sequences were fused with the GUS protein at either the N or the C terminus (N-2,
N-3, C-2 and C-3; Fig. 46a). A construct of GUS with double PEST sequence fused at
both N and C termini (N-l/C-1) was also prepared (Fig. 46a).
To generate a recombinant GUS-PEST sequence, a method called splicing by overlap
extension (SOE) PCR was performed (Warrens et al., 1997; Reddy et al., 2012). The
GUS and PEST sequences were PCR amplified by using specific primers (Table 2 and 3)
individually with the pMDC163 vector for the former and pCW122+mODC (Bhatnagar,
2002) for the latter as templates (Fig. 47a, Fig. 48a). To avoid ORF frame-shift after
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2/3 PEST H ____________ GUS

C-3

1/3 PEST B

GUS
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PEST

b
C-terminal PEST sequence of mODC (NM_013614.2)
MKQIQSHGFPPEVEEQDDGTLPMSCAEESGMDRHPAACASARINV

C-terminal fusion constructs
MKQIQSHGFPPEVEEQDDGTLPMSCAEESGMDRHPAACASARINV
MKQIQSHGFPPEVEEQDDGTLPMSCAEESGMD
MKQIQSHGFPPEVEEQDD

N-terminal fusion constructs
MKQIQSHGFPPEVEEQDDGTLPMSCAEESGMDRHPAACASARINV
MLPMSCAEESGMDRHPAACASARINV
MDRHPAACASARINV

Figure 46. (a) Constructs of mODC PEST/GUS N and C terminal fusions and double N1/C-l fusion; (b) amino acid sequences for the entire mODC C-terminus PEST region
and truncated fragments in different GUS constructs. The mODC PEST residues are
highlighted in red and an additional Met added as start codon is highlighted in blue.
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Figure 47. Cloning of PEST-GUS-N terminal fusion sequence, (a) Gel electrophoresis of
(1) PCR product of GUS sequence (1.8 kb) (2) PCR product of PEST sequence (180 bp)
and (3) SOE PCR product of PEST-GUS-N fused sequence (1.9 kb), (b) Restriction
digestion products of the pCR2.1 TOPO vector with insert of PEST-GUS sequence by (1)
iVcoI (1.6+4.2 kb) and (2) EcoRV (0.23 kb+0.7 kb+4.1 kb), (c) Plasmid map of pCR2.1
TOPO vector with N-PEST-GUS sequence inserted.
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Figure 48. Cloning of GUS-PEST-C tenninal fusion sequence, (a) Gel electrophoresis of
(1) PCR product of GUS sequence (1.8 kb) (2) PCR product of PEST sequence (180 bp)
and (3) SOE PCR product of GUS-PEST-C fused sequence (1.9 kb), (b) Restriction
digestion products of the pCR2.1 TOPO vector with insert of GUS-PEST sequence by (1)
Ncol (1.7+4.2 kb), (c) Plasmid map of pCR2.1 TOPO vector with PEST-GUS-C fusion
sequence inserted.
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joining two fragments, Phusion High-Fidelity polymerase (see Materials and Methods)
was used for PCR to generate blunt ends. Gel-purified fragments for each terminal fusion
were mixed together serving as the template for the SOE-PCR (primers listed in Table 2
and 3; Fig. 47a, 48a). The correct SOE PCR products were obtained, which were gel
purified (based on the fragment size) and cloned into pCR 2.1 TOPO vector. The
confirmation by restriction digestion and sequencing of the insert were both positive (Fig.
47b, c, Fig. 48b, c). The start codon, the junction sequences and the stop codon were all
present as expected (Appendix C).
Likewise, to produce N -l, N-2 and N-3 constructs, N-PEST-GUS fusion in
pCR2.1TOPO was used as the template to run PCR (Fig. 49) using sequence specific
primers (Table 2, Table 3). Similarly, C-PEST-GUS fusion in pCR2.1TOPO was used as
the template to amplify C -l, C-2 and C-3 constructs (Fig. 49), again using sequence
specific primers (Table 2, Table 3). The clones of these PCR products in pENTR/D
TOPO vector were confirmed by restriction digestion (Fig. 50, 51), and found to be of
correct size and in the correct orientation. The selected constructs were sub-cloned into
destination vector pMDC7 by LR-clonase reaction (Fig. 52), and again, confirmed to be
correct as seen by restriction digestion (Fig. 53) and sequencing.
To make the double N-l/C-1 fusion construct, N-l and C-l in pENTR/D TOPO
constructs were double digested by AscI and Mscl, separately (Fig. 54, 55); the gel
purified products were ligated correctly (Fig. 54) as confirmed by restriction digestion
(Fig. 55). These constructs were finally cloned into pMDC7 vector via LR-clonase
reaction (Fig. 54,55) and transformed into A. tumefaciens.
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Figure 49. Gel electrophoresis of PCR products of (1) N-l (1.9 kb), (2) N-2 (1.9 kb), (3)
N-3 (1.8 kb), (4) C-l (1.9 kb), (5) C-2 (1.9 kb) and (6) C-3 constructs (1.8 kb) as shown
in Figure 46a.
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Figure 50. Plasmid maps of pENTR/D TOPO vector with insert of PEST-GUS N fusion
constructs (a) N -l, (c) N-2 and (e) N-3. Gel electrophoresis of (b, lane 1) N-l construct
double digested with EcoRV plus Ncol (2.4 kb+1.1 kb+0.7 kb+0.2 kb), (d, lanel) N-2
construct double digested with EcoRV plus Ncol (1.1 kb+0.2 kb+3 kb) and N-3 construct
(f, lane 1) double digested with EcoRV plus Ncol (2.4 kb+1.1 kb+ 0.6 kb+0.2 kb).
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terminal fusion constructs (a) C -l, (c) C-2 and (e) C-3. Gel electrophoresis of (b) C-l
construct double digested with EcoRV plus Ncol (lane 1: 3 kb+1 kb+0.25 kb) as well as
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Figure 53. Gel electrophoresis of restriction digestion products of GUS/PEST fusion
constructs in pMDC7vector: (1) N-l construct digested with Ncol (10 kb+1.7 kb+1.4 kb),
(2) N-2 construct digested with Ncol (11 kb+1.7 kb), (3) N-3 construct digested with
Ncol (10 kb+1.7 kb+1.3 kb), (4) C-l construct double digested with Ncol and Pacl (8.5
kb+3.2 kb+1.7 kb-t0.17 kb), (5) C-2 construct double digested with Ncol and Pacl (8.5
kb+3.2 kb+1.7 kb+0.13 kb) and (6 ) C-3 construct double digested with Ncol and Pacl
(8.5 kb+3.2 kb+1.7 kb40.1 kb)
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Figure 54. The process of cloning PEST-GUS-PEST N-l/C-1 double fusion construct in
final destination vector pMDC7. N-l and C-l in pENTR/D TOPO plasmid were double
digested by AscI and Mscl separately. The product fragments of 3325 bp from N-l and
1334 bp from C-l were gel purified and then used for ligation to build the N-l/C-1
construct. Following the same LR clonase reaction, the N-l/C-1 fragment was subcloned
into destination vector pMDC7.
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Figure 55. Gel electrophoresis of (1) N-l construct in pENTR/D TOPO digested with
AscI and Mscl (3.3 kb+1.2 kb), (2) C-l construct in pENTR/D TOPO digested with AscI
and Mscl (3.2 kb+1.3 kb), (3) restriction digestion products of PEST-GUS-PEST N-l/C1 construct in pENTR/D TOPO with Ncol (2.7 kb+1.9 kb), (4) restriction digestion
products of of PEST-GUS-PEST N-l/C-1 construct in pMDC7 vector with Ncol (8 . 6
kb+1.9 kb+ 1.7 kb+1.4kb).
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Generation of Transgenic Arabidopsis Lines
Transgenic (TO Arabidopsis seedlings, selected on hygromycin, tested positive for
histochemical GUS assays upon induction with 5.0 fiM estradiol. This confirmed that the
transgenic lines had the correct constructs that were able to produce active GUS enzyme.
Lines derived from the C-2 constructs did not show GUS activity and were not used for
further study. Homozygous T 3 generation plants for other constructs as well as GUS
control line which contains unmodified GUS under the control of the same inducible
promoter (Majumdar, 2011) were used for quantitative measurement of GUS activity in
the seedlings and callus.
Turnover of PEST-GUS Protein
To assess the turnover rate of PEST-GUS protein, both seedlings and callus
suspension cultures were used. Transgenic seedlings with various PEST/GUS constructs
were grown on solid GM with 5.0 fiM estradiol for 2 weeks and then transferred into
liquid GM with 100 jiM CHX in 9-well culture plates to inhibit protein synthesis.
Samples were collected at 0, 4 and

8

h after CHX treatment. For callus suspension

cultures, after 2 days of induction of GUS with 5.0 /*M estradiol, 300 piM CHX was
added to the culture, and samples were collected in MUG extraction buffer at 0, 2, 4,

8

and 24 h. Quantitative MUG assay was performed on all samples as described.
The data presented in figures 56 and 57 and Table 12 showed that several lines
transformed with different constructs indeed had GUS activity that decreased faster on
treatment with CHX than the control GUS. The results were more apparent with the
callus than the seedlings. For example, the callus of lines C-l and N-l/C-1 had two-to-six
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fold less activity at time zero of CHX treatment than the control and the other lines (Fig.
57); this activity further decreased by >50% in N-l/C-lwithin 8 h after CHX treatment
(Table 12). For C-3 transgenics, the seedlings and the callus both showed about 40% loss
of enzyme activity at 8 h after CHX treatment, but the callus had regained enzyme
activity by 24 h. The N-l callus on the other hand showed a consistent loss of enzyme
activity with time up to 24 h. Callus of C-l transgenics also showed a faster decline in
GUS activity than the control; however, the seedlings did not exhibit parallel behavior. In
the callus of N-l transgenics, at the time of CHX treatments, enzyme activity was
comparable to control GUS callus.
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Figure 56. GUS activity of seedlings containing GUS control and various GUS/PEST
constructs at different times after inhibition of translation. Seedlings were grown on solid
medium with 5.0 piM estradiol for 2 weeks and then subjected to CHX (100 /<M)
treatment for different time periods. An (*) indicates significant difference compared to
0 time point (p<0.05, N=3).
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Figure 57. GUS activity of callus suspension cultures carrying control GUS or various
GUS/PEST constructs at different times after inhibition of translation. Estradiol (5.0 ^M)
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Table 12. Percentage of GUS activity in different GUS/PEST fusion constructs and a
GUS control line after CHX treatment in seedlings and callus suspension cultures relative
to 0 h. Bold numbers indicate statistically significant decrease compared to 0 h (p<0.05).
(N/A): N-2 and N-3 constructs have not been tested in callus suspension cells based on
the seedling results which showed less effectiveness on destabilizing GUS protein.

Plant line

4h

Oh

GUS activity

8h

24h

Seedlings

Callus

Seedlings

Callus

Callus

GUS control

100%

126.64%

102.41%

71.69%

76.95%

86.50%

N-l/C-1

100%

79.01%

87.47%

86.72%

41.03%

62.78%

N-l

100%

84.43%

87.17%

77.75%

53.59%

28.84%

N-2

100%

86.69%

N/A

. 79.89%

N/A

NA

N-3

100%

120.69%

N/A

100.42%

N/A

NA

C-l

100%

112.07%

93.09%

91.01%

78.82%

58.43%

C-3

100%

82.28%

63.19%

60.13%

58.14%

88.59%
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Discussion
Modified GUS Protein
As an extensively used reporter, GUS is highly suitable in various plant systems for
monitoring and quantifying promoter activity (gene expression). However, its relatively
long half-life makes it unsuitable for the analysis of short-term conditional and temporal
gene expression. Several attempts to modify GUS protein by attaching various
destabilizing sequences have been reported. Adachi et al. (2006) produced a GUS protein
N-terminus fused with N-terminal PEST motif from Arabidopsis CDKB2 (cyclindependent kinase B2) under the control of CDKB2 native promoter. Compared with the
control GUS, the fusion GUS protein was less stable in tobacco BY-2 cells and
Arabidopsis plants based on qualitative and quantitative GUS enzymatic assays. Two-tothree fold higher GUS activity was detected in control GUS cells than the fusion GUS
cells. Both GUS enzymatic assay as well as immunoblotting showed that the addition of
proteasome inhibitor MG 132 prevented the degradation of fusion GUS protein but not the
control protein. It was suggested that CDKB2 N-terminal PEST motif conferred the rapid
protein degradation mediated by proteasome. In another study by Worley et al. (1998) in
tobacco protoplasts, GUS protein with either destabilizing residue Phe or Leu at the N
terminus showed 3-fold and 4-fold less abundance, respectively, than the protein with
Met. Other tested primary destabilizing residues did not show much effect on the stability
of GUS protein. This was examined by GUS enzymatic assay. It was not clear, however,
if the low abundance of GUS was due to decreased biosynthesis or faster degradation. In
the same study, an attempt at attaching uncleavable N-terminal Ub moiety resulted in 3fold less GUS activity in tobacco protoplast but no effect in yeast. The authors speculated
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that, compared to 10~50- fold less activity of luciferase (LUC) achieved by the same
approach (Worley et al., 1998), the limited effect on the instability of GUS might be
explained by: a) different accessibility of the N-terminus and/or the internal Lys to the Ub
conjugating enzyme due to a different protein structure; and/or b) inability to demonstrate
a steady-state level of GUS protein in the transient expression system due to its long halflife which is proportionate to protein accumulation only at steady state. Koo et al. (2007)
created a GUS/LUC fusion reporter which retained both enzyme activities. By assessing
enzymatic activity of both GUS and LUC, the authors demonstrated that the turnover of
this dual-reporter protein was dependent on LUC whose degradation is rapid and
controlled by its substrate luciferin. It was suggested that this dual reporter may
overcome the excessive stability problem of GUS without compromising its advantages;
thus being suitable to study dynamic gene expression in plants (Koo et al., 2007; Kavita
and Burma, 2008).
Stability of GUS Protein Fused with PEST Sequence from mODC
I studied the feasibility of destabilizing GUS protein using the PEST sequence of
mODC C-terminus and its truncated versions at either N or C or both termini. The study
on the stability of fusion GUS proteins was performed in transgenic seedlings as well as
callus suspension cultures carrying different GUS constructs under the control of an
inducible promoter. The results from both types of fusions were somewhat similar with
some being more effective than the others. The dual location of the PEST region in N1/C-l was the most effective, with estimated half-life of ~8-10 h vs. >2 d reported for the
unmodified GUS protein. The major advancement over the published studies was that we
were not measuring the overall accumulation of GUS but changes in the GUS activity
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first with induction and then with CHX treatment. The two major limitations were that: (i)
it was perhaps not possible to completely block protein synthesis with CHX, and (ii) the
inducer was not easy to remove during the measurement of decay of GUS activity, during
CHX treatment. One should also be aware of the fact that the study did not target the
turnover of mRNA with or without the PEST sequence(s), which could also be affected
and play a role in the measurements of GUS activity.
Nonetheless, my results are in agreement with the studies of Li et al. (1998) and
Corish and Tyler-Smith (1999) where GFP protein fused with the same PEST sequence
was shown to have much shorter half-life (from 26 h down to 2-6 h). On the other hand,
we did not achieve a half-life of <6 h as in the above studies. It should be pointed out that
the GFP-PEST studies were performed in a mammalian cell culture system (CHO and
mouse cell lines), which is the original source of the mODC PEST sequence. It is quite
possible that plant and animal systems have different molecular machineries for
degradation of proteins bearing the same PEST sequence. For example, the degradation
of ODC in mammalian cells is mediated by interaction of another protein called the
antizyme (Kahana et al. 2005; Jariel-Encontre et al., 2008; Perez-Leal and Merali, 2012).
Apparently, the antizyme first binds to mODC which changes its conformation and
exposes the C-terminal PEST sequence as the recognition signal for 26S proteasome.
Mouse ODC (with intact PEST sequence) when expressed in T. brucei, which lacks the
antizyme, was quite stable (Bass et al., 1992). Furthermore, its co-expression with rat
antizyme did not lead to its rapid degradation, although its activity was inhibited,
supposedly due to the formation of antizyme-ODC complex. Further in vitro study found
an inhibitory factor in T. brucei and also differences in its proteasome vs. the mammalian
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one (Hua et al., 1995). Thus it is obvious that difference(s) in proteolytic machinery
among different species can (and do) significantly alter the degradation rate of even the
same protein. An antizyme-type system has not been found in plants (Illingworth and
Michael, 2012).
The differences observed between different constructs point to the need for testing
various mutations and segments of the PEST region to make it more suitable for use in
heterologous plant systems. Camborde et al. (2010) reported that a Turnip Yellow Mosaic
Virus RNA-dependent RNA polymerase (66K), bearing an N-terminus PEST sequence,
was degraded rapidly (with a

of about 5 h determined by pulse-chase) in Arabidopsis

callus cultures; degradation was shown to be mediated through Ub-proteasome pathway.
Fusion of this PEST sequence or the entire 66K protein with LUC substantially
destabilized it (7-8 - fold less abundant), which indicates that the PEST sequence is
transportable across kingdoms. Omega-3 Fatty-acid (FAD3) proteins of Brassica napus
and Vernicia fordii (Tungoil tree) were shown to bear PEST rich sequences at the Nterminus, which conform to their Ub-proteasome dependent rapid degradation in yeast
(T 1 /2 of 3 and 11 h, respectively) as examined by western blots (O’Quin et al., 2010).
Fusion of either protein with GFP hastened the turnover of GFP in tobacco BY-2 cells,
again supporting the effectiveness of PEST signal from short-lived proteins in
heterologous systems. In an earlier study from our lab (DeScenzo and Minocha, 1993),
tobacco plants over-expressing mODC full length cDNA showed less ODC activity (2-3
folds) and Put level than those expressing a truncated version of the same protein, leading
to the speculation that, at least in tobacco, this PEST sequence is also recognized as a
signal for rapid protein degradation. However the specific machinery is still unknown and
169

Arabidopsis plants might behave in a different way toward the same PEST sequence. One
additional point to consider is that different conformations of ODC and GUS protein may
also influence the final outcome; whereas GUS is a tetramer (de Ruijter et al., 2003), the
ODC is a dimer (Kahana et al., 2005).
As mentioned above, constructs N-l/C-1, N-l and C-3 had different effects on the
stability of GUS. For example, the C-3 construct bearing only one third of the native
PEST sequence and six out of fourteen PEST residues (Fig. 46b) was able to destabilize
GUS protein more efficiently than C-l which contained the full length PEST region at the
same terminus. Also, decrease in GUS activity of N-l/C-1 was significant but not
proportionate to the number of PEST residues as compared to other constructs. This is
consistent with the study of Li et al. (1998) who concluded that the rate of degradation is
not dependent on the number of residues but relevant to their positions
It should also be noted that the approach we used to study protein stability was
enzyme assay, which actually examines only the functional protein not the total protein
abundance. The question could be raised that, “is the abundance of functional protein
proportionate to total protein or vice versa? In other words, does the change in enzyme
activity reflect the real change in protein abundance”? In this regard the role of the PEST
sequence in (mis)-folding of the protein or changing the catalytic efficiency of GUS must
also be considered (Worley et al., 1998). Noticeably, at 24 h of CHX treatment, some
constructs exhibited a small increase in specific activity (Fig. 57); this may be attributed
to a decrease in total protein content in the cells following inhibition of translation. Thus,
it is likely that the rate of GUS degradation was underestimated since the enzyme assay

was normalized to the total soluble protein in cells. Additional approaches to directly
measure the total GUS protein abundance would be a good way to confirm this.
Regardless of whether the GUS enzyme activity represents the abundance of total
GUS protein or not, the fact that enzyme activity is the final detection approach for the
promoter::GUS fusion technique, PEST-fusion GUS proteins with reduced stability
would have the potential to be utilized as a more sensitive reporter for transient or short
term gene expression study since the decrease in GUS can be detected by using the same
technique. In order to further test how sensitive these fusion GUS proteins are in response
to transient gene expression as a reporter, the change of GUS activity as well as the GUS
transcripts could be studied and compared upon the turn-on/off of the gene under the
control of the inducible system.
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CONCLUSIONS

In summary, my Ph.D. research complements the studies conducted previously in
our lab on expression and regulation of PA biosynthetic genes in Arabidopsis by
advancing the information on expression pattern of the SPDS gene family (AtSPDSl and
AtSPDS2). The attempt to transgenically manipulate higher PAs (Spd/Spm) by over
expression of SPDS alone or concomitant with the expression of multiple PA biosynthetic
genes, though not changing PA levels significantly, revealed a more complex regulation
of PA homeostasis (especially Spd and Spm), and provides insights to further elaborate
this regulatory machinery. In line with the past study with poplar cell cultures, the turn
over study on all three major PAs in Arabidopsis exhibits a clearer picture on how the
catabolism of different PAs is regulated under normal conditions as well as in response to
enhanced

putreceine

biosynthesis

(via

constitutive

and

inducible

transgenic

manipulations).
Modified GUS protein attached with variable regions of the mouse ODC PEST
signal sequences have shown a small (but variable) reduction in the stability of GUS
protein based on enzymatic activity as compared to the non-modified protein. With
further study on their sensitivity as reporter being accomplished, these proteins will have
the potential to be used for transient or short-term gene expression studies.
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APPENDIX A

EXPRESSION PATTERN OF AtSPDSl ANDAtSPDSl CONSTRUCTS

Table A l. The pattern of GUS expression under the control of various AtSPDSl and
AtSPDS2 promoter constructs in vegetative organs. (+) indicates the presence of GUS
activity; (-) indicates the absence of GUS activity; (V) indicates that the GUS activity is
mainly located in veins; (T) indicates location of GUS activity only in trichomes.
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Table A2. The pattern of GUS expression under the control of various AtSPDSl and
AtSPDS2 promoter constructs in reproductive organs. (+) indicates the presence of stain;
(-) indicates the absence of stain; (+/-) indicates weak stain; (V) indicates that stain is
mainly located in veins.
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APPENDIX B

PLASMID MAPS OF FINAL DESTINATION VECTORS

Figure B l. Plasmid map of SPDS1-A promoter construct in pMDC163
Figure B2. Plasmid map of SPDS1-B promoter construct in pMDC163
Figure B3. Plasmid map of SPDS1-C promoter construct in pMDC163
Figure B4. Plasmid map of SPDS1-D promoter construct in pMDC163
Figure B5. Plasmid map of SPDS1-E promoter construct in pMDC163
Figure B6. Plasmid map of SPDS1-F promoter construct in pMDC163
Figure B7. Plasmid map of SPDS2-A promoter construct in pMDC163
Figure B8. Plasmid map of SPDS2-B promoter construct in pMDC163
Figure B9. Plasmid map of SPDS2-C promoter construct in pMDC163
Figure BIO. Plasmid map of SPDS2-D promoter construct in pMDC163
Figure B ll. Plasmid map of AtSPDSl CDS in pMDC7
Figure B12. Plasmid map of PEST+GUS N-l construct in pMDC7
Figure B13. Plasmid map of PEST+GUS N-2 construct in pMDC7
Figure B14. Plasmid map of PEST+GUS N-3 construct in pMDC7
Figure B15. Plasmid map of GUS+PEST C-l construct in pMDC7
Figure BIO. Plasmid map of GUS+PEST C-2 construct in pMDC7
Figure B17. Plasmid map of GUS+PEST C-3 construct in pMDC7
Figure B18. Plasmid map of PEST+GUS+PEST N-l/C-1 construct in pMDC7
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EcoRV - 4953
EcoRV - 5184

H pal- 8588

Figure B18

Safl - 3965
Safl - 4187
X hol- 4199
AscI-4205
vVcoI - 4281

SacI - 7123
Pvall - 7047
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AscI - 5344
Ncol - 6222
Pacl - 6445
Spel - 6448

APPENDIX C

SEQUENCING RESULTS

...................................
-...................-...-..... - 1
QCA8CAAaACCC8TTCTCTATATAA0ttAOTTCATTTCATTrQttA.flAQqACACflCTQAAQCTA0TCgACTCTA0CACttAiQQC8C8CCAAaCTATCAACAAQ 100
110

I

SPDS1 CDS
F

120

130

140

150

160

170

180

190

200

| --- | --- | --- I --- | --- | --- | --- | --- 1 ---- I --- | --- | --- | --- | --- | --- | --- | --- | ---- |

KT3ATATTTTCA0TTQTAC0CTCTTCTCTTCCTTATATCTTCC0CTTCACTTCACACCAA 60
TTTqTACAAAAAAaCAOgCTCCOCOOCCqCCCCCrrCACqM^TATTrrCAgTTOTACOCTCTTCTCTTCCTTATATCrTCCqCTTCACTTCACACCAA 200
210

|

|

220

|

|

230

|

|

240

|

|

250

|

260

270

280

| ------- | --------| ------- | --------| |

|

-

SPDS1 CDS
F

290

|

|

300

|

|

SPDS1 CDS AA7CACCACC7CTCA£AAACCCTA0TTCCTCCTCTCTCTCATTTCTC00A0ATATTCACCAOA0CAATAACCATO0ACOCTAAAAAAACCTCroCCACC8 160
F
AA7CACCACCTCTCACAAACCCTA0TTCCTCCTCTCTCTCATTTCTCqaAaATATTCACCAaAaCAATAACCATqqACaC1»AAAaAAACCTCTQCCACCa 300

SPDS1 CDS

410

|

SPDS1 CDS
F

|

420

|

|

430

|

|

440

|

|

450

|

|

460

|

|

470

|

|

480

|

|

490

|

|

500

|

|

TACTCCTQOOTOT T CTCTqAAATaAgTCCTATQTQgCCAaaAaAgOCACACTCATTqAAaOTTaAaAAAQTtgTqrTTCAAaQgAAATCAaATTATGAa 360
TATTCCT0QQT00CTCTCTaAAATQAgTCCTATaTQaCCA0gAaAqqCACACTCATTaAAflgTTaAQAAA8T7Tt8TT7CAAaQaAAATCAaATTATCA0 500

SPDS1 CDS

|

610

|

|

620

|

|

630

|

|

640

|

|

650

|

|

660

|

|

670

|

|

680

|

|

690

|

|

700

|

SPDS1 CDS
F

T C A C T C A T C T T C C T T T O T Q T T C T A T C C C T A A C C C T A A aA A QO r T T T q a T C A T T a q n a a A QQA aA T a a A O O T Q T C C T q C Q Q q A A q T T q C A C O C C A T q C T T C

560

T C A C T C A T C T T C C T T T O T O rT C T A T C C C T A A C C C T A A a A A q q T T T T flg T C A T T O a A q a A O Q A a A T O a A a g T q T C C T q c q a a A A a T T Q C A C g C C A T q C T T C

700

SPDS1 CDS
F

TATTaAaCAaATTaACATOT0TQAAAT7aATAAAAT(MTO0TCaAC0T07CTAAaCAAmTTCCCTaAT8TA0CAATTa8ATATOA0OATCCTCOCaTO 660
TASTQA0CAaATTQACAT0T9T0AAAT?8AVAAAArO9T0OTC0AC0TQTCTAAOCAATTTTTCCCTQAT8TA0CAATTQ0ATAT&AMATCCTC0C0TO 600

710

I

720

730

740

750

760

770

780

790

800

| ------ | --------| ------- | --------| --------{ --------| --------| -------- | -------j --------| --------| --------| --------1 --------| --------| --------| --------| --------- |

810

820

830

840

850

860

870

880

890

900

I
I
| -- | --- | --- | --- | --- | --- | --- | --- | --- | --- | --- | --- } --- | --- | --- | --- | ---- |
SPDS1 CDS AACCTTOTCATTQQCaA'rOOTOtTOCTTTCTTaAAaAATOCTOCTOAAaOATCATACaATOCAffrrATTgTTaACTCTTCAaATCCAATCOO TCCTOCA 759
F
AACCTTOTCATIOOC0ATO0T8TT«CTTTCTTaAAOAATOCTOCTaAAaaATCATACQAT0CAOTZATTOTTaACTCTTCA0ATCCAATCOO0TCC7OCA 900
910

I

I

920

I

|

930

I.... I

940

j

I

950

I

I

960

I

I

970

980

990

1000

| ------ | --------| --------| --------| --------| --------| --------- |

SPDS1 CDS AAQaA0CTOTT7aAaAAACCCTTCTTCCAATCTOTO0CTAaAaCTCTXC0TCCS0aTaaAaTT8T0T0CACTCAAaCT«AAAOCTTaT8OCTTCACATOO 859
F
A........................... - ...............
— ............ - --------- ---------901
1010

I

SPDS1 CDS
F

1020

1030

1040

1050

1060

1070

1080

1090

1100

| ------ | -------- | -------| -------- | -------| --------| --------I --------| ------- } -------- | -------| -------- | -------I . . . . I --------I --------| --------| --------- |

A C A T C A T C a A A a A C A T T O m C C A A C T O C C Q T O A a A T C T T C A A flO O T T C T eT O A A C T A T aC T T O O A C C A O C O T T C C A A C A T A C C C C A O T O O a O T C A T T O O

-..... ----1110

1120

-...
1130

1140

1150

---1160

1170

1180

1190

959
901

1200

SPDS1 CDS
F

t
I
| --- | --- I --- I --- | ---- | --- I --- | --- | --- | --- | ----| --- ! --- | --- | ---- | --- | ---- |
ATTTAT0CTOT0TTCAACTQAA0QACCTQATQTT0ACTTCAAAGACCCACT0AACCCAATTQAC8AiBAQCTCCAQCAAATCAAAT<MACCTTT0AAOTTT 1059
....
901

SPDS1 CDS
F

TACAATaCCaAOATTCAnCA0CT0CATTCTQCTT0CCT7CTTTCOCCAAaAAO0TCATTOA0TCAAAA9CCAATTOA 1137
-

1210
I

t

1220
|

I

1230
|

I

1240

1250

1260

1270

» ----- | ----- | ------ | ----- | ------ | ----- | ------ |

| . . .

901

Figure C l. Alignment of AtSPDSl CDS (NM_102230, 5’ end showing the translation
start site) with sequencing result of pENTR/D TOPO vector with insert of AtSPDSl CDS
using forward primer (M13F).
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10

20

30

40

50

€0

70

80

90

100

| ----- j ----- | ---- - | ----- | -- -- -- | ---- - | - ----- | ---- - | --- --- l ----- | --- -- - | --- -- | -- ---- | ----- | ------ | --- -- - | ----- | -- -- - | - ------ |

AT«TATTTTCJl«TTOTJVCOCTCTTCTCTTCCTT*TATCTTCCOCTTCACTTCACACC*AAATC*CCACCTCTCACXAACCCTA«TTCCTCCTCTCtCTC 1 0 0

120
-

210

130
i

t

220

140

i

i

230

150

i i

i

240

160
i —

i

250

170
i

260

1B0

i ----------------- i i
-

110
i ----- i ----- i i

-

SPD S1 CDS

270

190
i

280

i

200
i

290

300

| ----- | ----- | ----- | ----- | ----- j ----- | ------ | -- -- - | --- --- | ----- | ----- t ----- I ----- I ----- I ------ I - ----- I ----- t ----- I ----- I

310
320
330
340
350
360
370
380
390
400
f ----- \ ----- | ----- | ----- | ---- -- | ----- I ----- | ----- | --- --- | ----- | ----- i ----- | -- -- -- | -- -- - | ------ | --- -- - | ----- i -- - - - - | ------ |
OqAQAaQCACACTCATTaAAaCTTaAOAAAaTTTTttTTTCAAOOqAAATCAOATTATCAQaATaTTATTqTTTTCCAOTCTCCAACATATaOAAAAaTTT 4 0 0

SPD S1 CDS
R

410
420
430
440
450
460
470
480
490
500
| --------| -------- | |
|
|
|
|
| |
|
{
|
|
| -------------------------| |
|
|
|
TQqTTTTQQATOaAQTAATCCAACTTAC<WAflAttAaATqAATOTaCTTATCAOaAAATOATCACTCATCTTCCTTTOTOTTCTATCCCTAACCCTAAaAA 5 0 0
.....................................................................................................
.......................................................................................................................................................... 1

SPD S1 CDS

OOrrTTaOTCATTOaAaQAaaAaATOaAOaTOTCCTOCOaaAAOTTOCACaCCATeCTTCTATTOAGCAaATTaACATOTOTaAAATTaATAAAATOOTO 6 0 0

510

520

530

-

SP D S1 CDS

-

CQCTRCCAfqQRaRCg a Ra RACQaRORTCAqRAARRqqRRCCTQCTTOTTTCTCCACTOTTATTCCTQOCTaOrTCTCTqAAATOAgTCCTATQTOQCCA 3 0 0
......................................................................................................................................... - .......................................................................................................................................... 1

-

SPD S1 CDS
R

540

550

560

570

580

590

600

| ------- | ------- | -------| -------| -------- | -------| -------- | -------| -------- | -------| -------- | -------| -------- | -------J -------- | --------| ------- | -------| --------- |

610
. . . .

1 . . . .

620

630

640

650

660

670

680

690

700

| ----- | ----- | ----- ! ------ | -- -- - | -- --- - ! ----- I --- --- I ----- I ----- I ----- I - - - - - - I ----- I ---- -- I -- ---- I ----- I -- - - - - I ----- !

SPD S1 CDS
QTCaACGTqTCTAAGCAATTTTTCCCTaATOTAOCAArrqqATATaAOqATCCTCOCqTqAACCTTgTCATTqqeaATOaTgrrq CTTTCTTflAAaAATq 7 0 0
R...........................
- ........................................................................................................AACCTTOTCATTOOCaATOOTOTTaCTTrerTaAAaAATQ 40

|

|

730

|

|

740

||

|

750

|

|

760

|

770

780

| ---------------------| |

-

-

720

-

710

| -------| -------| |

|

790

|

|

800

SPD S1 CDS
R

CTQCTQRAGQRTCATACQATCCAgnATTOTTQRCTCTTCAaRTCCARTCgQTCCTQCAAAQQAgCTgTTTqAOAAACCCTTCTTCCAATCTQTOQCTAQ 8 0 0
CTOCTGAAGSATCATACQATOCAOR’ATTOTTflACTCTTCAOATCCAATCGOTCCTGCAAAOGAGCTGTTTOAaAAACCCTTCTTCCAATCTQTaOCTAO 1 4 0

SPD S1 CDS
R

AQCTCTTCGTCCT4GTQQR0TTOTOT0CACTCAA0CTGAAA0CTTOTMCTTCACATG8ACATCATCQAAAACATTGTTTCCAACTGCC9TQR8ATCTTC 9 0 0
AQCTCTTCOTCCTOOTOaAGTTGTOTOCACTCAAaCTaAAAOCTTOraGCTrCACATaGACATCATCaAAaACATTOTTTCCAACTOCCOTOAaATCTTC 2 4 0

SPDS1 CDS

AAflOaTTCTOTaAACTATecrraaACCAflCaTTCCAACATACCCCAOTOaaG'ICATTOaATTTATOCTTTGTTCAACTaAAaaACCTaATaTTaACTTCA 1 0 0 0

810
| ------ |

820
|

910

830

920

930

| ----- | ----- | ----- | ------ | . . . . I

1010
. . . .

840

850

860

870

880

890

900

| ----- | -- -- -- | ----- | - -- -- - | --- -- I --- --- | ----- | ------ | ----- | --- --- | ---- - | ------ | - - -- -- | ----- | ----- | ------ |

1020

940

1030

| ----- t ----- | ---- - | ----- j

950

960

| ------ 1 ----- I ------ | ----- | ----- I . . . .

1040

1050

1060

970

980

990

1000

I ------I ----- i ------ I ------ I ----- I ------I ----- I

1070

1080

1090

. . . . -| - - - - - | - - - - - - | - - - - - | - - - - - - | - - - - - | - - - - - - | - - - - - | - - - - - - | - - - - - | - - - - - - | - - - - - - j - - - - - | . . . .

1100
I ----- I

R

AACACCCACTaAACCCAATTOACGMAOCTCCAOCAAATCAAATOaACCTTTaAAOTTTTACAATOCCaAaATTCATTCAaCTOCATTCTOCTTaCCTTC 4 4 0

SPD S1 CDS
R

TTTCgCCAAflAAGOTCATTQAgTCAAAAflCCAAggM
1137
TTTCOCCAAAAAMTCATTGAGTCARAAGCCARlgggAAMOTOOQCOCGCCGACCCAGCTTTCrfOTACAAAGTQOTTGATAATTCTTAATTAACTAGT 5 4 0

SPD S1 CDS
R

.................................................................................................................
CaATCCAGQCCTCCCAOCTTCOTCCOTATCATCOOTTCOACAACGTTCTTAACTC 5 9 5

1110

1120

1130

1140

1150

1160

1170

1180

1190

1200

! ---- | ----- | ------ | ----- | ------ | ----------- . | -- -- - | ------ | ----- | ----- i ----- | ------ | ----- | ----- | ----- I ----- | ----- | ------ |

1220
. . . .

1230
I

I. . . . I

1240
I

1250
I

I I
-

1210
| ----- | ------ |

I

1137

Figure C2. Alignment of AtSPDSl CDS (NM_102230, 3’ end showing the translation
stop site) with sequencing result for pENTR/D TOPO vector with insert of AtSPDSl
CDS using reverse primer (M13R).
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9*ACYTTTf*MaOC8fcT?aOOCCTCna*TaC*TOCTC8MCOOCCOCCAOT0T0fc?e8JLZ*9eTOCAaJUl9TTOCCCT4&Tfl P99CAACTCAT9AA9C 100
110

|

|

120

|

130

|

|

|

140

|

|

150

|

|

160

|

|

170

|

|

ISO

|

|

190

|

|

200

|

|

PEST+GUS N AOATCCHaHOCCATqqC'fTCCCQCCOOAQOTOqAOQAOCAOaXTaATOqeACqCTqCCCXTOTCTTgTOCCCXOOMAOCCWqATqafcCCCTCACCCTqC 119
F

jwTCCxqAOCCATOOCTTCCCOCcoaAQCTaaMWAac A oaATqA T oocA ca c TqcccATaTC TTgTocccA aaK afcaeggqjiTQ qAccO TCA cccTqc 2 0 0

I

210

I

I

220

I

230

I

I

I

240

I

I

250

I

I

260

I

I

270

I

I

280

290

300

I. . . . I. . . . I. . . . I. . . . I

PEST+GUS N A9CCT9T9CTTCT9CTA99AXCAAX9T9TTAC9TCCT9TA9AAACCCCAACCC9T9AAATCAAAAAACtC9AC99CCT9T999CAT¥CA9TCT99ATC9C 219
F

A9CCTaT9CTTCT9CTA99ATCAAT9T9TTAC9TCCT9TA9AAACCCCAACCC9TaAAATCAAAAAACTC8AC99CCT9T999CATTCA9TCT89ATC9C 300

PEST+GUS N

| ------ | --------| ------- | --------- | . . . . I --------| --------| --------| -------- | ------- | --------I . . . . I ------- I . . . . I --------I --------I --------I --------I --------I
9AAAACT9T99AATTQATCA9C9TT99T999AAA9C9C9TTACAA9AAA9CC999CAATT9CT9T9CCA99CA9TTTTAAC9ATCA9TTC9CC9AT9CA9 319

PEST+GUS N

ATATTC9TAATTAT9C999CAAC9TCT99TATCA9C9C9AA8TCTTTATACC9AAA99W999CA89CCA9C9TATC9*9CT9C9rrTCaAT9C99TCAC 419

PEST+GUS N
F

.... I
| ------ | --------| --------| --------| --------| --------| --------| -------- | ------- | --------I . . . . I --------| --------| --------I --------I --------| --------I --------I
TCATTACqqCAAAgT8TQQqTCAATAATCAOqAAaTaATOaAOCATCAOOOCOOCTATACgCCATTTaAAOCCaATgTCACgCCaTATgTTATTqCCqqO 519
TCATTAC99CAAA9T9T999»CAATAATCA99AA9T9AT99AQCATCA999C99CTATAC9CCA*TT9AA9CCQAT9TCAC9CC9TAT9TTATTQCC999 600

320

330

340

350

360

370

380

390

400

-

310

410
| ---- | -- - - - - t . . . .

510

610

420
I . . . .

430
I . . . .

520

620

| ------ | --------I . . . . I --------|

I . . . .

530

630

|

440

450

460

470

480

490

500

I ------ I ------ I ------I ------ I ------ I ----- I ------ I ------ I ------ I ------ I ------ I ------ I ------ I

540

640

550

650

560

660

570

670

580

680

590

690

600

700

| --------| --------| -------- | ------- | --------| --------| ------- | --------| --------| --------| --------| --------| --------- )

PEST+GUS N AAAA9T9TAC9TATCACC9TTT9T9T9AACAAC9AACT9AACT09CAg ACTATCCC9CC999AAT99T9AOTACC9AC9AAAAC99CAAQAAAAA9CA9T 619
F
AAAA9T9TAC9TATCACC9TTT9lt9*9AACAAC9AAeTttAACT99CA9ACTATCCC9CC99aAAT99TaATTACC8AC9AAAAC99CAAqAAAAA9CAaT 700
7 10

720

730

740

750

760

770

780

790

800

PEST+GUS N
F

I
I.... I
I
I
| ------ | --------I . . . . t --------I --------I --------| --------I --------I --------I --------I --------I --------I -------- I --------I
CTTACTTCCAT9ATTTCTTTAAeTAT9CC99AA*CCATC9CA9C9TAA*9CTCTACACCAC9CC9AACACCT99aT90AC9ATATCACC9T99T«AC9CA 719
CTTACTTCCATaATT*C*TTAAC*AT9CC9aAA*CCATC9CAaC9*AAT9CTCTACACCAC9CC9AACACC*999T99AC0ATATCACC9T99T9AC9CA 8 0 0

PEST+GUS N
F

T9TCQC9CAA8ACT9TAACCAC9C9TCT9TT9ACT99CA99T99T99CCAAT99T9AT9TCA9C9TT9AACT9C9T9AT9C99ATCAACA99T99TT9CA 819
T9TC9C9CAA9ACT9TAACCAC9C9TCT9TT9ACT99CA99T99T99CCAAT99T9AT99CA9C9TT9AACT9C9T9AT9C99ATCAACA98T80TT9CA 900

810
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830

840

850

860
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880

890

900

| ---- | -- -- -- | ------ | - - - - - - | ------ | -- ---- | ------ | - - - - - - | ------ | ----- | ------ | -- ---- | ----- | ------ | ------ I ------ | -- -- -- | ------ I ------ I
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| ------ ) ------- | --------| ------- | --------| --------| --------I . . . . I --------I --------| --------I --------| --------| --------I --------I --------I --------| --------I

PEST+GUS N ACT99ACAA99CACTA9C990ACTTT9CAA9T99T9AATCC9CACCTCT99CAACC999T9AA99rTATCTCZAT9AACT9T9C9TCACA9CCAAAA9CC 919
F
ACT90ACAA99CACT...........................................................................................................................................................
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F..........
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Figure C3. Alignment of PEST+GUS N-terminus fusion sequence (5’ end showing the
translation start site) with sequencing result of pCR2.1 TOPO vector with insert of
PEST+GUS by using forward primer (M13F).
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PEST+GUS N
R

AACQqCAAflAAAAAOCAgTCTTACTTCCATqATTTCTTTAACTATOCCOQAATCCATCQCAOCCKPAATOCTCTACACCACqCCqAACACCTqCOTqqACO 700
---- ------------------------------------------------------------ ------------------ ----------------------------------------------------- ---------------------------------------- 1

PEST+GUS N
R

ATATCACC9T9aTOACOCATOTCaCOCAAOACTOTAACCACOCOTCTaTTOKCTOOCAOaTOaTOOCCAATa9TOAT«rCAOCOTTaAACTOCOTaATOC 800
- .......................................................................................... 1

PEST+GUS N

qOMCAACAOOTqqTTqCAACTQQACAAqqCACTAOCQOqACTTTQCAAOTOqTqAATCCgCACCTCTqOCIACCOqqTaAAQqTTATCTCTATaikACTq 900

710

720

730

740

750

760

810

820

830

840

850

860

780

910

920

|

-

I i

930

940

870

790

880
I

-

!.... II.... I

-

I --------| ------ | --------| I . . . . I ----------------I --------| -------- | --------i ------- |

. . . .

770

800

| ----------- | - - - - - - - | ----- | ----- | ------ j ------ 1 - ----- | ----- | - - - - - - | ----- | --- --- | ------ | ------ | ----- | ------ | ------ | ----- |

-

I I

950

960

970

890

I --------------- I -I

980

900
I

990

1000

i -------- --- | ----- | ----- | ------ | ----- | - ----- | ----- | - ----- | ----- | ---- -- | --- -- - | - ----- | ----- | ------ | ------ | ----- |

PEST+GUS N TQCqTCACAqCCAAAAOCCAaACAaAOTgTqATATCTACCCqCTTCacqTCqOCATCCqqTCAaTOqCAgTa AAOqoeaAACAaTTCCTqATTAACCACA 1000
R------------------- -------------------- ---------------------------------------- ----------------------1
1010

1020

1030

1040

1050

1060

1070

1080

1090

1100

. . . . | --------| ------ | --------| ---------| ------- | ------- | -------- | ------- | --------| --------| --------| -------| -------- | --------| --------| ------- l --- I . . . . I ------------ I

PEST+GUS N
R

AACCOTTCtACTTTACTOeCTTTOOTCeTCATaAAfiMTaCMACTTOCOTOOCAAAOaATTCaATAACOTOCTaATqaTaCACaikCCACOCATTAATOaA 1100
- .....CCCACOCATTAATOOA

PEST+GUS N
R
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Figure C4. Alignment of PEST+-GUS N fusion sequence (3’ end showing the translation
stop site) with sequencing result of pCR2.1 TOPO vector with insert of PEST+<j US
using reverse primer (M13R).
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Figure C6. Alignment of GUS+PEST C-terminus fusion sequence (3’ end showing the
translation stop site) with sequencing result of pCR2.1 TOPO vector with insert of
GUS+PEST using reverse primer (M13R).
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ABSTRACT

CHARACTERIZATION OF THE EXPRESSION PROFILE OF POLYAMINE
BIOSYNTHETIC GENES (SPERMIDINE SYNTHASE) AND POLYAMINE
METABOLIC REGULATION IN ARABIDOPSIS

By

Lin Shao
University of New Hampshire; May 2013
Polyamines are ubiquitously distributed cationic compounds, which play important
roles in numerous cellular functions in plants. This study was aimed at elaborating the
regulation of polyamine biosynthetic gene expression and polyamine metabolism. The
organ/tissue specific expression patterns of two genes encoding the polyamine
biosynthetic enzyme spermidine synthase (AtSPDSI and AtSPDS2) were studied in
Arabidopsis at different developmental stages using promoter: reporter approach. The
two homologues showed similar ubiquitous expression with subtle differences being
observed in certain tissues (e.g. root, siliques, and embryos). Neither transgenic
manipulation by over-expression of AtSPDSI alone nor its concomitant expression with
genes encoding other biosynthetic enzymes (mouse ornithine decarboxylase or
Plasmodium falciparum ornithine decarboxylase/S-adenosylmethionine decarboxylase)
altered spermidine/spermine content much, which indicates a complex and tightly
regulated machinery for higher polyamine homeostasis. The turn-over study on all three

major polyamines showed a short half-life of 6-8 h for putrescine and longer ones for
spermidine (>40 h) and spermine (>10 h). Catabolic rate of putrescine was proportionate
to its endogenous level. Spermine was degraded mainly via back-conversion into
spermidine while spermidine showed both back-conversion and terminal catabolism.
The other objective was to destablize f3-glucuronidase protein by attaching PEST
signal sequence from mouse ornithine decarboxylase at N or/and C terminus. Modified
proteins were shown to have variable reduction in their stability in Arabidopsis seedlings
and cell cultures. This should open up a way to use GUS as a more sensitive reporter for
transient or short-term gene expression studies.

INTRODUCTION

Polyamines
Polyamines (PAs) are ubiquitously distributed cationic compounds, which play
important roles in numerous cellular functions in plants (Handa and Mattoo, 2010;
Igarashi and Kashiwagi, 2010b). Most common PAs found in higher organisms are
diamine Put, triamine Spd and tetraamine Spm. The diamines Cad and Agm may be
present in some plants (Moschou et al., 2008a). Recently, a structural isomer of Spm
called tSpm, initially reported in prokaryotes, has also been identified in plants like
Arabidopsis thaliana (Knott et al., 2007). In addition to the common PAs, several
unusual PAs are prevalent in thermophilic archaea and bacteria, whose major function is
to stabilize DNA and RNA of these organisms at high temperatures (Oshima, 2010).
These unusual PAs can be broadly classified into two groups: long-chain PAs (e.g.,
homocaldohexamine, caldohexamine, homocaldopentamine) and branched PAs (e.g.,
tetrakis(3-aminopropyl)ammonium, mitsubishine). Besides involvement of the unusual
PAs in thermal stabilization, several long-chain PAs are implicated in cell wall formation
and wall architecture determination in siliceous diatoms (Kroger et al., 2000).
Polyamine Biosynthesis
The diamine Put is synthesized either from Om or from Arg; the former is brought
about directly by ornithine decarboxylase (ODC; EC 4.1.1.17) and the latter by arginine
decarboxylase (ADC; EC 4.1.1.19) and several additional enzymes, which vary among
species (e.g. Agm ureohydrolase or agmatinase in E. coli, Agm iminohydrolase and N-

carbamoylputrescine amidohydrolase in plants). Animals apparently possess only the
ODC pathway whereas most plants have both pathways for Put biosynthesis (Fig. 1). The
presence of Cad has been reported in legumes (serving as the precursor for quinolizidine
alkaloids), whose production is carried out by Lys decarboxylase (LDC; EC 4.1.1.18);
however, plant LDCs have not been well characterized. An earlier study had suggested
that ODC in some quinolizidine alkaloid producing plants might also have LDC activity,
like the mammalian ODC (Persson, 1977, 1981; Lee and Cho, 2001). The preference to
substrate (Om vs. Lys), however, varies among species (Bunsupa et al., 2012).
Transgenic expression of L. angustifolius L/ODC in tobacco and Arabidopsis resulted in
accumulation of Cad in both plants but enhanced Put only in the former.
Biosynthesis of triamines and tetraamines is catalyzed by a class of enzymes called
aminopropyltransferases (APTs), which transfer an aminopropyl residue from
decarboxylated SAM (dcSAM) to another PA, generating MTA as the byproduct
(reviewed in Shao et al., 2012); dcSAM is produced from decarboxylation of SAM by Sadenosylmethionine decarboxylase (SAMDC; EC 4.1.1.50). In addition to being a donor
of methyl groups for methylation reactions, in plants SAM is also a precursor of ethylene
biosynthesis via ACC (Zhang et al., 2009; Jafari et al., 2012). The APT Spd synthase
(SPDS; EC 2.5.1.16) is specific to its amine acceptor Put and produces Spd; whereas
Spm synthase (SPMS; EC 2.5.1.22) and tSPM synthase (tSPMS; EC 2.5.1.79) show
substrate specificity to Spd. In addition to those widely distributed APTs, a different PA
biosynthetic pathway found in Thermus thermophilus reveals an APT which uses Agm as
substrate to produce an intermediate aminopropyl-Agm, which is then hydrolyzed to Spd
(Oshima, 2010). Recently a new kind of APT, called Agm/Cad APT (ACAPT), has been
2
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Figure 1. Polyamine biosynthetic pathway in plants. Abbreviations: ADC, arginine
decarboxylase; ODC, ornithine decarboxylase; SAMDC, S-adenosylmethionine
decarboxylase; SPDS, spermidine synthase; SPMS, spermine synthase.
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reported from hyperthermophile archaeon Pyrococcus furiosus, whose substrate
specificity ranges from diamines like Put, Cad, Agm, and 13-diaminopropane to unusual
substrates like sym-nor-Spd (Cacciapuoti et al., 2007).
Biochemical Properties of Aminopropyltransferases
The biochemical properties, molecular structure, expression analysis, and transgenic
use of APTs have been reviewed in Shao et al. (2012), and are summarized here briefly.
Enzyme activity of SPDS and SPMS is measured either by following the incorporation of
radio labeled aminopropyl moiety from 14C-dcSAM into the product (Hibasami and Pegg,
1978) or the conversion of 14C-Put/Spd into the respective higher PA (Porta et al., 1981).
In either case, the labeled products are separated after dansylation by thin-layer
chromatography (TLC) or HPLC and counted for radioactivity. An alternate approach is
to measure the byproduct MTA (Enomoto et al., 2006). However these procedures are
cumbersome, time-consuming and expensive, thus information available about APT
activity is rather scant as compared to the Put biosynthetic enzymes. Activity of tSPMS
was measured by a similar isotopic assay as for SPMS (Knott et al., 2007).
At the molecular level, most known APTs are homodimeric, although a few, such as
those found in thermophiles and diatoms, are presumed to be tetramers (Ikeguchi et al.,
2006; Knott et al., 2007; Pegg and Michael, 2010; Belda-Palaz6n et al., 2012). Crystal
structures of SPDSs and SPMSs from several organisms are available (Pegg and Michael,
2010 and references therein). Interestingly, an earlier study (Panicot et al., 2002) on A.
thaliana demonstrated that ^rSPDS2 monomers may interact with AtSPDSI, and also
with /frSPMS, forming heterodimers in vitro; however, this is inconsistent with the

crystal structure of other APTs. A recent study has shown a dual subcellular localization
of A. thaliana APTs (SPDS and SPMS) in both the cytosol and nucleus, and that the
SPMS-SPDS heterodimers occur preferably in the nucleus (Belda-Palaz6n et al., 2012).
Mutants of Aminopropyltransferase Genes In Plants
In addition to randomly observed/selected mutants in many plant species, sitedirected or experimentally induced mutations have been extremely useful in plants like A.
thaliana whose genome has been fully sequenced. In this species, genome-wide
mutagenesis has been created using T-DNA and Ds transposon insertions thus allowing
identification of mutants for all APT genes (reviewed in Shao et al., 2012). Arabidopsis
has two SPDS genes, one SPMS gene, and one tSPMS gene called ACL5.
Single-gene T-DNA insertion mutants of either SPDS1 or SPDS2 in Arabidopsis
exhibited no phenotypic abnormality under normal growth conditions and no significant
alteration in cellular PA contents, suggesting functional complementation of the two
genes (Imai et al., 2004b). Seeds of spdsl/spds2 double mutant were not viable with
embryos arrested at the heart-torpedo stage. A considerable reduction in Spd concomitant
with a small decrease in Spm was seen in the double mutant seeds. On the other hand, Put
content was elevated remarkably, presumably the result of blockage in its conversion to
Spd. Due to the seed/embryo lethality, fully-grown double mutants are not available, thus
phenotypes in other stages of development are not known. Development of conditional
mutations in these genes should help resolve this situation.
An Arabidopsis mutant with T-DNA insertion in the single SPMS gene showed lower
Spm and higher Spd as compared to WT but no notable phenotype under normal growth
5

conditions, leading to the suggestion that Spm may not be required for growth of this
plant (Imai et al., 2004a; Rambla et al., 2010). On the other hand, an acl5 mutant
contained no detectable tSpm but accumulated Spd and Spm (Kakehi et al., 2008;
Rambla et al., 2010). This mutant was earlier reported to have a severe defect in
intemode elongation, smaller rosette leaves, reduced number of flowers, and abnormal
surface of the siliques (Hanzawa et al., 2000; Imai et al., 2004a). Interestingly, an
increase in defective transcripts of acl5 in the mutant, combined with its reduction after
exogenous tSpm treatment, suggests a negative feedback regulation of ACL5 gene
expression (Hanzawa et al., 2000; Kakehi et al., 2008). The expression of SAMDC4 was
also up regulated in the acl5 mutant, which was reversed by tSpm. This indicates a
metabolic co-regulation of ACL5 and SAMDC4; the latter supplies dcSAM required for
the production of tSpm (Kakehi et al., 2010).
Another Arabidopsis mutant called ‘thickvein (tkv)\ whose phenotype resembled the
acl5 mutant, was identified to have a single base deletion in exon 7 of ACL5 gene, which
resulted in a frame shift in the ORF. Anatomical study of the mutant revealed increased
number of vascular cells, which resulted in thicker veins in leaves and inflorescence of
the mutant plants. Furthermore, abnormality of vein structure was accompanied by
disruption of polar auxin transport in the inflorescence stalk, which implicates an
interaction of PAs with plant hormones for the observed phenotype, and shows that tSpm
may be involved in this interaction (Clay and Nelson, 2005). However, in a more recent
study by Vera-Sirera et al. (2010), an increase in cellular content of the natural auxin IAA
and up-regulation of IAA marker DR5::GUS expression were seen in acl5 hypocotyls,
which showed that IAA transport from apical meristem in the mutant seedlings may be
6

adequate. Therefore, the authors suggested that the defect in xylem and the retarded
growth in the mutant may actually be responsible for defective auxin transport in the
inflorescence stalk. On the other hand, Mufliz et al. (2008) had attributed incompletely
developed xylem of aclS to premature cell death, therefore, suggesting that xylem
specification may be under the control of ACL5.
Rambla et al. (2010) have reported that a double mutant (spmslaclS) in Arabidopsis,
which almost completely lacked tSpm and had significantly lower Spm but elevated Spd,
was phenotypically identical to the aclS mutant of Imai et al. (2004a). This again
indicates that Spm probably does not play a major role in development of Arabidopsis.
However, there is reasonable experimental evidence to show that this conclusion is
flawed. Yamaguchi et al. (2006) had earlier shown that the double mutant was
hypersensitive to NaCl and KC1 (but not to MgCh or mannitol) as compared with the WT
plants, and exogenous application of Spm reversed the NaCl hypersensitivity.
Furthermore, the salt hypersensitivity was alleviated by a Ca2+-channel inhibitor, which
along with growth arrest of the mutant on Ca2+-depleted medium indicated a Ca2+
deficiency in the spmslaclS double mutant. Later Yamaguchi et al. (2007) reported that
the double mutant also displayed hypersensitivity to drought, which was reversed by
exogenous Spm. Greater water loss in the mutant was attributed to defective stomata
closure, which might suggest the regulation of Spm-modulated Ca2+ channel and K+ flux.
Thus it can be argued that Spm is perhaps essential or at least plays a role in stress
responses, even though its role in development may be minimal. Furthermore, this role
may be mediated by regulation of cellular Ca2+homeostasis.

7

Expression Patterns of Aminopropyltransferase Genes in Plants
Orsan and tissue specific expression
As described above, most plants contain two genes for SPDS and one or two genes
for SPMS and/or tSPMS. While their coding sequences show a high degree of homology
within as well as between the gene families, little is known about the regulation of their
expression in various tissues and cells in a given plant. Five different approaches namely
northern hybridization, RT-PCR, QRT-PCR, in situ hybridization, and promoter: rreporter
fusion have been employed to study organ/tissue specific gene expression of the APT
genes. Each shows different levels of specificity for expression at tissue, organ and cell
levels. In addition, microarray data on the expression of some of these genes in
Arabidopsis are available. Still, the information is quite sporadic and inconsistent, thus
leading to inconclusive assessment of their role during development or in response to
stress in plants. The current status of research on this topic is briefly reviewed here.
Semi-quantitative northern blot analysis was used by Hanzawa et al. (2002) to study
the presence of AtSPDSl and AtSPDS2 mRNAs in 7-d-old seedlings, mature leaves, stem
intemodes, inflorescences and siliques of A. thaliana. It was observed that mRNAs of
both genes were present in all organs, with higher levels being detected in the seedling
roots. Transcripts of AtSPMS and AtACLS were also present ubiquitously but more in the
stem intemodes, flower buds and roots (Hanzawa et al., 2000, 2002). They used the
3’UTRs of AtSPDSl and AtSPDS2 (with -51% identity between them) and the coding
sequences of AtSPMS and AtACLS cDNAs (also with -51% identity between them) as
probes. Later, Urano et al. (2003) using semi-quantitative RT-PCR showed the
constitutive presence of AtSPDSl transcripts in all organs (flowers, buds, immature and
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mature siliques, upper and lower stems, and cauline and rosette leaves); AtSPDS2 mRNA
was also found in all organs but at relatively lower levels in the mature siliques and upper
stems. While AtSPMS mRNA was present in all organs examined, transcripts of AtACLS
were more abundant in immature siliques, cauline leaves and roots than other organs.
Subtle discrepancies in results of the two studies might simply be due to the techniques
used.
Detailed cell- and tissue-level expression analysis of AtACLS using a technique with
higher specificity (promoter: reporter fusion) by Clay and Nelson (2006) revealed its
procambium-confined expression in bent cotyledon embryos, primary roots, young leaves
as well as during inflorescence development. Rice (2006) studied the expression profile
of AtSPMS and AtACLS using the promoter::GUS fusion approach in all tissues and
organs of Arabidopsis during its entire life. Overall, the expression of AtSPMS was found
to be high in young developing tissues with continued but weaker expression in the
vascular tissue of mature plants. A similar expression profile was observed for AtACL5;
however, greater expression was observed in the meristematic and elongating regions of
young organs.
Microarray data (Genevestigator

- www.genevestigator■com,^ also

revealed

constitutive presence of AtSPDSl and AtSPDS2 transcripts in all organs in Arabidopsis.
Between the two homologues, AtSPDSl shows relatively higher expression especially in
flowers and siliques; transcripts of AtSPMS are also ubiquitous in these organs. On the
other hand, AtACLS expression is much less in most organs than the other APTs.
In addition to Arabidopsis, APT genes have been characterized in several other

plants: apple (Malus sylvestris var. domestica), maize (Zea mays), olive (Olea europaea
L.), Citrus clementine, water fern (Marsilea vestita) and Lotus japonicus. Their
organ/tissue specific expression patterns have been reviewed by Shao et al. (2012).
Expression in response to abiotic stresses and phytohormones
As described earlier, one of the most discussed topics about the physiological roles
of PAs in plants is their potential involvement in abiotic stress responses, many of which
also involve other phytohormones, particularly ABA (Alcazar et al., 2006,2010, 2011). A
few studies have directly analyzed the expression of APT genes in plants in response to a
variety of abiotic stress treatments; results of representative studies are discussed here.
Increasing salt concentration was reported to delay Arabidopsis seed germination
(Bagni et al., 2006). In response to long-term salt treatment (21, 31 and 38 days) of
mature plants, AtSPDSl mRNA levels increased slightly (RT-PCR) while those of
AtSPMS and AtACL5 increased to a greater extent; there was also an increase in Spm
(Bagni et al., 2006; Tassoni et al., 2008). This is consistent with the results of Urano et al.
(2003) based on northern blots, except that in their study AtACLS transcripts decreased
after short-term NaCl treatment (24 h). A recent study using QRT-PCR (Naka et al.,
2010) confirmed the results of Urano et al. (2003) about the decrease in AtACLS
transcripts in seedlings subjected to salt treatment (1 to 3 days). This discrepancy shows
that AtACLS responds differently to the concentration of salt and/or to the duration of
treatment. In terms of PA contents, Put increased initially (at 1 day) and then declined at
2-3 days. On the other hand, Spd and tSpm decreased while Spm increased; thus changes
of PAs paralleled the expression of APT genes.
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In maize, both ZmSPDSl and ZmSPMSl (initially designated as ZmSPDSl) were
responsive to NaCl. Whereas ZmSPDSl was up-regulated by increasing NaCl
concentration in long-term treatment of 7 days, ZmSPMSl was induced only by short
term treatment of 1 day (Rodriguez-Kessler et al., 2006; Jim&iez-Bremont et al., 2007).
An increase in Put, Spd and Spm upon long-term treatment with 25 mM NaCl was
reported. Up-regulation of Panax ginseng PgSPDS in roots was seen in response to
salinity accompanied by increased Put and Spd contents (Parvin et al., 2010).
When 3 to 4 week-old Arabidopsis plants were removed from soil and subjected to
dehydration (Urano et al., 2003; Alcdzar et al., 2006), the expression of AtSPDSl in
detached leaves and AtSPMS in both 4-week-old plants and detached leaves increased
dramatically; this was not accompanied by parallel changes in Spd and Spm contents. On
the other hands, Put was elevated in both studies concomitant with increased AtADC2
expression, indicating a tighter regulation of cellular Spd and Spm homeostasis than Put
as suggested earlier by Bhatnagar et al. (2001) for poplar cells. A recent report (Alcdzar et
al., 2011) suggests that back-conversion of Spm to Put may have contributed to this tight
homeostatic regulation of Spd and Spm.
Cold treatment (4°C) for 2 to 5 h caused a decrease in Spm in 4-week old
Arabidopsis plants but AtACLS transcripts increased (Urano et al., 2003). In P. ginseng
roots, PgSPDS expression was induced by chilling until 8 h post-treatment and showed a
decline from 12 to 24 h; then maximum accumulation was observed at 48 h. There were
parallel changes in Spd content. Parvin et al. (2010) found that jasmonate, mannitol, and
CuSC>4 treatments also induced PgSPDS expression in roots, but changes in PA contents

in this study were not reported.
The APT genes also respond positively to various phytohormones. For example,
treatment with ABA, a hormone closely associated with abiotic stress, increased Put level
by almost 3 fold in Arabidopsis seedlings within hours; this was accompanied by a
dramatic (~7 fold) increase in AtADC2 transcripts (Rambla et al., 2010). While ABA
treatment induced AtSPMS expression to the same extent (i.e. ~7 fold), except Put, the
other PAs remained unaltered. Earlier studies of Hanzawa et al. (2002) and Urano et al.
(2003) had shown that AtSPMS expression in the seedlings as well as 4-week-old plants
increased rapidly (2 h) after treatment with 100 pM ABA. The discordance between
variation of AtSPMS transcripts and Spm titer suggests post-transcriptional and/or posttranslational regulation of this enzyme. Likewise, stimulation of ZmSPDSl and
ZmSPMSl transcripts was detected in detached maize leaves in response to ABA within 6
h (Jimdnez-Bremont et al., 2007), as was the case with accumulation of PgSPDS mRNA
in P. ginseng roots at 8-12 h after treatment with ABA (Parvin et al., 2010).
Rambla et al. (2010) found that in response to auxin (50 pM IAA), both Put and
tSpm increased by 1.5 and 2.5 fold, respectively in Arabidopsis seedlings at 8 h post
treatment, which paralleled up-regulation of AtADC2 and AtACLS transcripts. Similar
increases in AtACL5 and AtSPDS2 expression were observed in earlier studies by
Hanzawa et al. (2000,2002) in response to IAA and kinetin, respectively.
Microarray data on expression of APTs in response to abiotic stresses and hormones
in Arabidopsis seem to be consistent with studies discussed above: e.g. up-regulation of
AtSPMS by salinity, drought, osmotic stresses and ABA treatment, and AtACLS up12

regulation in response to drought, cold and auxin treatment (www.genevestigator.com).
Transgenic Manipulation of Polyamines via Aminopropyltransferases
While inhibitors of biosynthetic and catabolic enzymes provide an effective means of
regulating a biochemical step, this approach has severe limitations. For example, there
are problems associated with uptake, transport and metabolism of the inhibitor, and the
inhibitors often lack specificity. Genetic manipulation through mutations and/or transgene
expression enables us to overcome some of these problems; of course these approaches
introduce other equally important issues. Nevertheless, they have been used extensively
for experimentally altering PA metabolism in plants, more so than in animals. Genetic
manipulation is especially suitable for both up- and down-regulation of a metabolic step.
Almost every gene in the core PA biosynthetic pathway has been the target of
overexpression and/or inhibition (e.g. through antisense or RNAi). Plants with upregulated expression of SPDS have been produced to study the effects of increased Spd
production during development and to test for stress responses, whereas relatively few
studies on transgenic manipulation of plants for SPMS or tSPMS have been reported.
Franceschetti et al. (2004) were the first to report constitutive transgenic expression
of a Datura stramonium SPDS cDNA in tobacco. The transgenic plants displayed
increased SPDS as well as SAMDC enzyme activities. However, increases in enzyme
activity were not proportionate to the increase in transcripts, indicating posttranscriptional and/or post-translational regulation. The Spd to Put ratio increased in
transgenic plants either due to increase in Spd and/or decrease in Put, but Spm was not
affected. Interestingly, almost no alteration in the total PA content was seen, suggesting a

tight regulation of the total cellular PA levels in plants. Morphologically the transgenic
plants were shorter, had fewer intemodes, and showed delayed flowering.
Constitutive (CaMV 35 promoter) over-expression of a Cucurbita ficifolia SPDS
cDNA in Arabidopsis resulted in 5 to 6-fold increase in SPDS enzyme activity (Kasukabe
et al., 2004), with an accompanying increase of up to 2 and 1.8 fold in Spd and Spm,
respectively. No morphological phenotype was observed in the transgenic plants.
Tolerance of these plants to low temperature, salinity, hyper-osmosis, drought and
oxidative stress was enhanced. Data from cDNA microarrays of transgenic plants
revealed up-regulation of several stress-responsive transcription factor genes under
chilling treatment. The authors concluded that increased Spd possibly plays a role in
stress-signaling pathways. The same group (Kasukabe et al., 2006) later used the same
gene to produce transgenic sweet potato (Ipomoea batatas) plants, again using a
constitutive promoter. The transgenic plants tolerated salinity and drought stress more
than the WT plants in terms of growth and starch content of storage roots. Furthermore,
suppression of storage root formation by low light was alleviated, and damage by chilling
and heat stress on photosynthesis was reduced. The authors inferred that increased
tolerance to various stresses might at least partially be ascribed to higher activity of
antioxidants in these plants.
When apple MdSPDSl gene was constitutively expressed in European pear (Pyrus
communis L. - Wen et al., 2008), contents of all three PAs in transgenic seedlings were
elevated. The plants exhibited reduced shoot height and increased tolerance to salt, heavy
metals, and osmotic stresses. He et al. (2008) later showed that in response to NaCl and
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mannitol treatments, the transgenic plants showed higher antioxidant capacity. Follow-up
studies showed that the transgenic seedlings were more tolerant to Al also (Wen et al.,
2009). A small increase in Spd (~1.2 fold) was seen in both WT and transgenic lines upon
Al treatment although values of the former were lower than the latter. Interestingly, an
increase in Put (-1.3 fold) was found in transgenic lines while in WT seedlings it
declined by -30%. This was accompanied by higher antioxidant activity and greater
accumulations of Ca and other ions in the transgenic plants, implying that increased Spd
improved Al and heavy metal tolerance through affecting oxidative status of the cells and
their inorganic ion balance (Wen et al., 2009,2010). The above results collectively lead to
the hypothesis that antioxidant activity and metal chelator properties of Spd may be
involved in the enhanced tolerance to heavy metal stresses in transgenic plants. More
recently, Fu et al. (2011) have generated transgenic sweet orange (Citrus sinensis Osbeck)
expressing the same MdSPDSl gene. Transgenic lines were less susceptible to canker
caused by Xanthomonas ctxonopodis pv. citri. This enhanced resistance was concomitant
with increased Spm titer and PA oxidase activity, which mediates PA catabolism and
accumulation of H2 O2 (a byproduct of PA catabolism).
Several papers from A.K. Mattoo’s group have described changes including delayed
ripening, longer shelf life, reduced shriveling, increased lycopene content and major
alterations in the metabolic profile of transgenic tomato fruits transformed with yeast
SAMDC and SPDS genes regulated either constitutively or by a fruit-ripening specific
promoter (Nambeesan et al., 2010; Mattoo et al., 2010 and references therein). The
extended shelf-life of transgenic fruits was ascribed to delay in post-harvest senescence,
perhaps due to the accumulation of Spd. In another study by Neily et al. (2010), all three
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PAs increased in transgenic tomato fruits expressing MdSPDSl under a constitutive
promoter, among which Spm showed the least increase. Primary metabolism in
transgenic tomato fruits was also altered during ripening, with metabolites such as
malate, galactose, Glu, Gin, Phe, and GABA being significantly higher in the transgenic
fruits. Furthermore, transgenic fruit had higher lycopene content due to apparent increase
in its biosynthetic genes and down-regulation of degradation genes. The results show that
increased cellular PAs have pleiotropic effects on metabolism including the transcriptome
and the metabolome (see also Mohapatra et al., 2010 a,b; Page et al., 2007,2010).
It is noteworthy that overexpression of SPDS in different plants increased Spd and/or
Spm levels, but only to a small extent (maximum about 2 to 3 fold increase) in
comparison with similar studies with the manipulation of Put via ODC or ADC,
where >10 fold (up to 50 fold) increases have been reported (Bassie at al., 2000;
Bhatnagar et al., 2001; Majumdar, 2011). A review of the literature on changes in PA
contents of plants in response to genetic manipulation or stress treatments shows overall
wider fluctuations in Put than Spd/Spm, leading to the conclusion that Spd/Spm
metabolism in plants is more tightly regulated than that of Put (Bhatnagar et al., 2001,
2002). In poplar cells overproducing Put, its catabolism also increased concomitantly
(Bhatnagar et al., 2002). No parallel studies on Spd catabolism during its increased
biosynthesis are reported. Bhatnagar et al. (2002) also found that the half-life of Put in
poplar cells was much shorter (-6-7 h) than that of Spd and Spd (estimated to be >35 h).
Another important point to note in most transgenic studies is that the rise in Spd
content in transgenic plants is often not proportionate to the increase of SPDS enzyme
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activity or SPDS transcripts, which strongly suggests that SPDS may not be the primary
rate-limiting enzyme for Spd production. Also, the manipulation of SAMDC seems to be
more efficient to elevate Spd/Spm than SPDS, which indicates that the substrate dcSAM
may act as a rate-limiting factor in aminopropyl transfer reactions. Besides, the decline o f
Put accompanying increase in Spd in some of the studies discussed above implies that
limitation of the precursor Put may also constrain the capability to increase Spd/Spm.
In conclusion, there often is a poor correlation among transcripts, enzyme activity
and cellular contents of the respective PA, particularly with respect to the higher PAs.
This is true both for the native genes/enzymes and for the transgenes. While this
discrepancy is generally explained in terms of post-transcriptional and post-translational
regulation of the enzyme production, the availability of the substrates (PAs and dcSAM),
and/or rates of catabolism of the products, there is rarely direct experimental evidence for
such hypotheses. Since the past transgenic work mostly involved constitutive promoters,
it is likely that the resulting cells/plants are subject to homeostatic adjustment of the
steady state levels of PAs. These plants would not permit the study of changes in plant
metabolism in response to transient changes in APT activity or PA concentrations, which
commonly would be the case in nature; e.g. in response to short term stress or during
development. Therefore, further biochemical work is warranted to establish direct
correlations between mRNA levels and enzyme activities, and between enzyme activities
and the accumulation of Spd and Spm in plants/cells. The ability to experimentally
regulate transgene activity with inducible promoters should provide suitable means of
analyzing these correlations. In addition, plants in which multiple PA biosynthetic genes
are co-manipulated would possibly serve as better systems to study metabolic regulation
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of PA titers by the availability of substrates (precursor) vs. the enzymes alone.
A better understanding of the expression and regulation of PA biosynthetic genes at
the metabolic level will help us in effective use of genetic engineering approaches for the
improvement of nutritional value as well as stress responses of plants. Previous graduate
students in our lab have (Mitchell, 2004; Majumdar, 2011) studied the tissue/cell specific
expression of ADC and SAMDC gene families in Arabidopsis by promoter: :GUS fusion
technique, and also the genetic manipulation of PAs via ODC. The expression of SPMS
and tSPMS (ACL5) has also been investigated (Rice, 2006). Thus, a part of my Ph.D.
work was focused on the characterization of SPDS gene family (SPDS1 and SPDS2). In
order to complement the results of transgenic manipulation of Put via ODC, I studied
transgenic manipulation of Spd by over-expression of AtSPDSl with or without
concomitant manipulation of SAMDC or ODC.
Polyamine Catabolism in Plants
The catabolism of PAs involves the activity of diamine oxidases (DAO; EC 1.4.3.6 )
and polyamine oxidases (PAO; EC 1.5.3.11); the former have substrate preference for
diamines and the latter for higher PAs. In plants where Put is often the major diamine,
DAOs catalyze its oxidation into 4-aminobutanal with concomitant production of H2 O2
and

N H 3

(Fig. 2). The 4-aminobutanal is then converted into GABA (through A1-

pyrroline) whose oxidized product is succinic acid, which enters the TCA cycle for
further processing. This pathway for recycling of the carbon skeleton of PAs is known as
the GABA shunt. On the other hand, oxidation of higher PAs (Spd and Spm) is brought
about by PAOs (Fig. 2a). In animals, Spm is easily converted into Spd, and Spd into Put,
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via acetylation by Spd/Spm N 1-acetyl-transferases (SSAT; EC 2.3.1.57) followed by
oxidation by PAOs (Fig. 2b). It appears that the PAO expression is constitutive while the
SSAT expression is tightly regulated by PAs (Moschou et al., 2008a; Casero and Pegg,
2009; Tavladoraki et al., 2012). The acetyl-PA pathway in animals is thus believed to be
not only a means of regulating Spd and Spm levels but also a source of Put under
conditions of its depletion. The occurrence of acetylated PAs is rare in plants (De Agazio
et al., 1996; Moschou et al., 2008a; Tavladoraki et al., 2012), and the plant PAOs use
non-acetylated PAs as substrates. The catabolism of Spd and Spm occurs by two groups
of PAOs: one with cytosolic localization, which are involved in the terminal catabolism
of PAs into 4-aminobutanal and N-(3-aminopropyl)-4-aminobutanal, which, in turn,
cyclise spontaneously into A'-pyrroline and l-(3-aminopropyl)-pyrroline, respectively
(Duhaz6 et al., 2002; Cona et al., 2006). The second group of plant PAOs are present in
the peroxisome; they catalyze the back conversion of Spm into Spd or/and Spd into Put.
They resemble the mammalian PAOs except that their substrates are non-acetylated PAs
(Moschou et al., 2008a; Tavladoraki et al., 2012).
The Importance of Polyamine Oxidation in Plants
It has been suggested that DAOs and PAOs in plants are physiologically associated
with different plant developmental phases and differentiation processes (germination, cell
wall strengthening/rigidity, root development, fruit ripening and senescence, etc.) as well
as defense mechanisms against abiotic and pathogen stresses. These roles are quite
different from their roles in animals where they mostly regulate PA catabolism. In fact,
the specific functions of these enzymes are definitely linked to the catabolic products of
PAs; i.e. H2 O2 and GABA (Angelini et al., 2010; Tavladoraki et al., 2012). Actually,
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GABA is an important metabolite rapidly synthesized in response to stresses (Angelini et
al., 2010; Shelp et al., 2012). GABA is known to be associated with a variety of
physiological processes, such as carbon fluxes into TCA cycle, cell signaling, and
protective role against oxidative stress. Besides PA oxidation, GABA is also produced
directly from Glu by glutamate decarboxylase (GAD; EC 4.1.1.15) in plants (Fig. 2a).
Yang et al. (2011) have observed a significant increase of DAO activity in germinating
seeds of fava bean (Vicia faba) with higher activity localized in shoots. They further
demonstrated that 30% of GABA formation under this condition was derived from PA
oxidation pathway and the remainder from Glu by GAD. The involvement of GABA
(specifically produced from PA oxidation) in defense mechanism against salt stress was
also proposed by Xing et al. (2007). In addition, H2 O2 produced from PA oxidation
functions as a signal molecule triggering a diversity of plant physiological responses.
During plant stress response, H2 O2 derived from PA catabolism was suggested to play a
role in root xylem differentiation (Tisi et al., 2011). More recently it has been proposed
that the cellular PAS/H2 O2 balance together determine the fate of the cells in response to
salinity in tobacco leading to either programmed cell death (PCD), when PA catabolism
is predominant over anabolism, or tolerance to stress under the opposite scenario
(Angelini et al., 2010; Tisi et al., 2011). This balance is modulated by PA oxidation
through DAO and PAO. Additionally, it has been speculated that H2 O2 generated from
PA catabolism serves as a mediator in ABA signal transduction network in stomatal
closure and the stress responsive process (Angelini et al., 2010; Wimalasekera et al.,
2011). Furthermore, NO, which is also a signaling component in a wide range of
functions in plants, has been proposed as a potential link in PA-mediated stress response;
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NO production can compete with PA biosynthesis from Arg. The production of NO in
this phenomenon was speculated to occur by an unidentified pathway. It is quite possible
that it could be generated from PAs by DAO and PAO (mediated by H 2 O2 ), which is
known to activate upstream NO synthesis under certain stimuli (Wimalasekera et al.,
2011).
Past Research on Polyamine Metabolism in our Lab
Our lab has extensively studied PA metabolism and its regulation in plants via
transgenic manipulation and promoter::reporter approach during the past two decades.
Transgenic tobacco plants constitutively expressing mODC showed significantly elevated
ODC activity and 4-10 fold increase in Put level as compared to non-transformed control
(DeScenzo and Minocha, 1993). Expression of the same mODC in carrot (Daucus carota
L.) cells resulted in 10-20-fold increase in Put content compared to wild type cells. The
Spd titer was unaffected whereas Spm was lower in some transgenic cell lines. The
altered PA titers, on the other hand, also improved somatic embryogenesis in transgenic
cells (Bastola and Minocha, 1995). The rate of Put catabolism as well as its conversion
into higher PAs was elevated in transgenic cells but no compensatory effect was observed
on native ADC pathway (Andersen et al., 1998).
Transgenic mODC poplar (Populus nigra x maximowiczii) cell lines have also been
produced and used extensively for PA metabolic studies. A 3- to-10 fold increase in Put
content was observed in transgenic (called HP) cells as compared to control cells (WT
non-transgenic, i.e. NT or GUS transgenic), which was accompanied by increased Put
catabolism; however, there was no change in DAO activity in these cells (Bhatnagar et al.,
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2001, 2002). Also, the native ADC activity was not affected by the accumulation of Put
in HP cells (Bhatnagar et al., 2001). The ACC and ethylene production were comparable
in HP and the control cells, which suggested no competition between PA and ethylene
biosynthetic pathways in poplar cells (Quan et al., 2002). Although a small increase in
Spd was seen in HP cells, neither the catabolism rate of Spd nor that of Spm was affected
(Bhatnagar, 2002). Physiologically, greater plasma membrane permeability, increased
amounts of soluble protein, enhanced tolerance to KNO3 , and more susceptibility to
N H 4N O 3

were seen in the HP cells compared with NT cells (Minocha et al., 2004).

Increased Put production also up-regulated the expression of ADC, SAMDC2 and SPDS2
genes in HP cells with concomitant down-regulation of the other paralogues of these
genes (Page et al., 2007). Increased Put catabolism in HP cells apparently led to
accumulation of H2 O2 accompanied with up-regulation of oxidative stress related
enzymes (e.g. glutathione reductase and monodehydroascorbate reductase), thus a
negative influence on the oxidative state of HP cells was observed (Mohapatra et al.,
2009), which might have conferred a lower tolerance of these cells to low Ca in terms of
mitochondrial activity and growth. However, in response to Al treatment, HP cells
exhibited an apparent advantage over the control cells, which was explained by reduction
in its uptake and increase in its extrusion (Mohapatra et al., 2010a). There also was a
reduction in Put catabolism due to the down-regulation of its biosynthesis under Al
treatment. Additionally, increases in the cellular contents of GABA, Ala, Thr, Val and lie
as well declines in several amino acids (e.g. Glu, Gin, His, Arg, Ser, Gly, Phe, Trp, Asp,
Lys, Leu, Cys, and Met, and already low Om) were found in HP cells, with C and N
assimilation being up-regulated concomitantly (Mohapatra et al., 2010b). Study on the
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expression of ODC and ADC biosynthetic genes in the same cell lines revealed that
increased utilization of Om by mODC did not change the expression of genes in GluOm-Arg pathway. It was postulated that apparently biochemical regulation controls this
pathway rather than gene regulation (Page et al., 2010).
Both constitutive and inducible expression of mODC in Arabidopsis resulted in
considerable increase in Put content (up to SO fold) with only small changes in Spd and
Spm. The over-production of Put also led to some physiological changes (e.g., delayed
flowering, increased FW and DW, higher silique number and higher chlorophyll content)
as well as biochemical alterations in amino acid contents and N and C assimilation.
Ornithine was proposed as a regulatory molecule in PA metabolism based on a
significant decrease in Om availability to ODC in HP lines (Majumdar, 2011).
To study the regulation of PA biosynthetic genes, promoter-GC/S fusion constructs
for ADC (AtADCl and AtADC2), SAMDC (AtSAMDCl through AtSAMDCS) and
(t)SPMS (AtSPDS3 and AtSPMS) gene families in Arabidopsis have been produced. Gene
expression in different organs/tissues has been studied at different developmental stages
as well as in response to some abiotic stresses which revealed varied expression patterns
among different gene families and homologues within the same family (Mitchell, 2004;
Challa, 2006; Rice, 2006; Majumdar, 2011).
Analysis of Gene Expression using P-Glucuronidase as a Reporter
The f$-glucuronidase (GUS, EC 3.2.1.31) gene is widely used as a reporter gene to
analyze the activity of promoter sequences in plants using the approach called
promoter:reporter fusion. The GUS protein is quite stable with a relatively long half-life
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(estimated to be 2 to 4 days) in various tissues/organisms (Mantis and Tague, 2000;
Miyamoto et a l, 2000), which makes it a good candidate to study gene activation as well
as to detect weak promoter activity. However its usefulness for detection of gene
inactivation, especially within a short time, is limited due to the long half-life of this
protein. For the same reason, it is often not possible to distinguish between strong
promoter activity for a short time and a weak but prolonged promoter activity during
which time the protein might accumulate. Consequently, the results of conditional and
temporal gene regulation are difficult to interpret using GUS as a reporter gene. However,
such temporal and conditional responses of plants commonly occur in nature to adapt to
different environmental changes (e.g., short term responses to abiotic stresses or
wounding) or during certain developmental stages (response to phytohormones). These
physiological responses involve both up and down-regulation of genes. The availability
of a relatively short-lived GUS protein would greatly broaden the applications in which
GUS can be utilized as a reporter to study both up- and down- regulation of gene
expression within short time periods of treatment/response. While there are several
approaches (see Chapter IV below) to experimentally modulate the turnover of a protein,
I attempted to achieve this by fusing the GUS protein (sequence) with a known
destabilizing C-terminal amino acid sequence of the native mODC protein; a.k.a. the
PEST region (rich in Pro, Glu, Ser and Thr).
Based on the paucity of research on the expression of PA biosynthetic genes,
genetic manipulation of Spd and Spm contents, the regulation of PA catabolism in plants,
and the need for the availability of a GUS protein with faster turnover rates, I initiated my
thesis research with the following objectives:
25

1. To examine the developmental and cellular expression patterns of AtSPDSl and
AtSPDS2 during the entire life of Arabidopsis thaliana.
2. To examine the effects of over-expression of AtSPDSl (alone or in combination
with SAMDC and ODC) on PA metabolism in A. thaliana by using an inducible
promoter.
3. To study the effect of altered endogenous Put titer on the turnover of PAs in A.
thaliana under conditions of inducible expression of mODC.
4. To attempt to produce a relatively less stable GUS protein via the addition of a
peptide sequence that is known to enhance the degradation of mODC.

t
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MATERIALS AND METHODS

Genomic DNA Isolation
Genomic DNA was isolated from Arabidopsis seedlings/leaves using UltraClean
Plant DNA Isolation Kit (MO BIO, Carlsbad, CA, Cat # 13000-50) using protocol
suggested by the manufacturer. Briefly, about 5 to 500 mg of plant tissue was added into
each bead solution tube containing 60 fiL of solution PI. The bead solution tube was
incubated in water bath at 60°C for 10 min and vortexed for 10 min. Following
centrifugation at 10,000 xg for 30 sec, the supernatant was transferred into a clean
collection tube and mixed with 250 piL of solution P2. After 5 sec vortexing, the
collection tube was incubated at 4°C for 5 min and spun at 10,000 xg for 1 min. The
supernatant was transferred into a clean collection tube, mixed with 1.0 mL of solution
P3 and vortexed for 5 sec. The contents were loaded onto the spin filter and centrifuged
at 10,000 xg for 30 sec. The flow through was discarded, 300 fiL of P4 solution was
added into the spin filter, and spun again at 10,000 xg for 30 sec. The spin filter was
placed in a clean collection tube and 50

of solution P5 was added to the white filter

membrane. The DNA was eluted by a 30-sec centrifugation.
Plasmid DNA Isolation
Plasmid DNA was isolated from E. coli cultures using Zyppy™ Plasmid Miniprep
Kit (Zymo Research, Irvine, CA, Cat # D4020). Overnight bacterial cultures (3.0 mL)
were pelleted at 10,000 xg for 30 sec. The pellet was resuspended in 600 /<L of sterile
water followed by the addition of 100 fiL of Lysis Buffer. The tubes were inverted gently
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to mix and then 350 y L of Neutralization Buffer was added. The tubes were inverted
several of times and centrifuged for 5 min at 14,000 xg. The supernatant was transferred
into the Zymo-Spin™ column attached to a collection tube. The column assembly was
centrifuged for 15 sec and the flow-through was discarded. This was followed by two
washes, each with 200 y L of Endo-Wash Buffer for 15 sec and 400 pL of Zyppy™ Wash
Buffer for 30 sec, respectively. The column was transferred into a clean 1.5 mL
microcentrifuge tube, 30 y L of Zyppy™ Elution Buffer was added to the column matrix
and incubated for one min at room temperature. The plasmid DNA was eluted by
centrifugation for 15 sec and stored at -20°C. DNA was quantified by NanoDrop 2000C
spectrophotometer (Thermo Scientific, Waltham, MA) and purity was determined by
A2 6 0 /2 8 0 and A2 3 0 /2 6 0 ratios. In some cases, a different plasmid isolation kit was used (e.g.
from Promega); in that case, the manufacturer’s protocol was followed.
Polymerase Chain Reaction (PCR)
A typical PCR was performed using Takara Ex Taq™ Polymerase (Clontech Lab,
Mountain View, CA, Cat # TAK RR001A) to generate products with 3’-A overhangs for
downstream TA cloning or Phusion® High-Fidelity DNA Polymerase (New England
BioLabs, NEB, Ipswich, MA, Cat # M0530S) to generate products with blunt ends. The
PCR was performed in a volume of 50 y L which contained the following reagents: 1.25
units of Takara Ex Taq DNA polymerase or 1 unit of Phusion® DNA Polymerase, lx
buffer (+Mg2+), 200 yM final concentration of dNTP mix, 0.2 yM final concentration
each of forward and reverse primers, and 10-50 ng of total plasmid DNA or 100-150 ng
of genomic DNA. Reactions were run in a PTC™ 100 Programmable Thermal Controller
(MJ Research Inc., Waltham, MA). The PCR conditions were initial activation at 94°C
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for 1 min, followed by 30 cycles of denaturation at 94°C for 30 sec, annealing
(temperature varied for specific reactions) for 1 min and elongation at 72°C for
appropriate time depending on the length of the product (0.5-1 min/kb), followed by a
final extension at 72°C for 2 min. Variations of this standard protocol are described
where needed. All primers were designed using PRIMER 3 program (Rozen and
Skaletsky, 2000) and OLIGO primer analysis software (Offerman and Rychlik, 2003)
based on the sequences of specific genes (Table 1) and synthesized by IDT (Coralville,
IA) and their sequences are shown in Table 2 and Table 3.
Agarose Gel Electrophoresis
Gel electrophoresis was performed by using 1% Seakem LE agarose (Lonza,
Allendale, NJ, Cat # 50000) (or equivalent) dissolved in lx TAE buffer (40 mM Trisacetate, 1 mM EDTA). Prior to loading, samples were mixed with 6x gel loading dye
(NEB, Cat # B7021S) containing EDTA and then electrophoresed at 90-100 V for 1 h
along with appropriate DNA size standard (NEB TriDye 2-log DNA Ladder, Cat #
N3270S) in adjacent lane. The gel was stained in 0.5 pig mL'1 of ethidium bromide for 15
min and subsequently de-stained for 5 min in distilled water. The gel was visualized and
photographed using a gel-documentation system (Nucleotech, San Mateo, CA) or
(Fotodyne Incorporated, Hartland, WI). The sizes of DNA fragments were estimated with
reference to appropriate DNA ladder.
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Table 1. Annotation of genes involved in cloning or QRT-PCR in the study (derived
from NCBI).

Gene

Organism

Accession Number

Spermidine Synthase 1

Arabidopsis thaliana

NM J02230

Spermidine Synthase2

Arabidopsis thaliana

NM_105699

TIP41 Like protein

Arabidopsis thaliana

NM_119592

Ornithine Decarboxylase

Mus musculus

NM_013614.2

S-adenosylmethionine decarboxylaseomithine decarboxylase

Plasmodium
falciparum

XM_001347570

Beta-Glucuronidase

Escherichia coli

NC_013941.1
NC_017663.1
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Table 2. Sequences of primers used for cloning, QRT-PCR (Alcdzar et al., 2006),
sequencing and screening purposes.
Primer Name
SPDS1 FI
SPDS1 F2
SPDS1 F3
SPDS1 5’UTR
SPDS1 R2
SPDS2 FI
SPDS2F2
SPDS2 5’UTR
SPDS2 R2
SPDSlcds F
SPDSlcds R
SOE-C-GUS F
SOE-C-GUS R
SOE-C-PEST F
SOE-C-PEST R
SOE-N-GUS F
SOE-N-GUS R
SOE-N-PEST F
SOE-N-PEST R
N-fusion-Fl
N-fusion-F2
N-fiision-F3
N-fusion-Rl
N-fusion-R2/R3
C-fiision-F
C-fiision-Rl
C-fusion-R2
C-fusion-R3
SPDSlqFl
SPDSlqRl
SPDS2qFl
SPDS2qRl
TDP41qF
TIP41qR

Sequence
5-AGATGACTAAGGACGGTACTGGAAG-3'
5-TGAACCTGCCAAGTATGACG-3’
5'-AGCTTTGAACCCACAAGAGC-3'
i'-r r r n T A T T C A C i'iT r r r n c A A C G r -s 1

5'-TAGGGTTTGTGAGAGGTGGTG-3'
5'-CGCAAGTGGCTATTTTTGTC-3'
5-TCCATCAACCAAAACGTGAA-3'
5'-GGATTGAAGAAGAGAGACAGTGAG-3'
5'-CTCTCCTCCACCGTTCTCTG-3'
5 ’-CACCATGATATTTTCAGTTGTACGC-3 ’
5 ’-TCAATTGGCTTTTGACTCAATG-3 ’
5’-A T G TT A C G T C C T G T A G A A A C C C C A A C C C G T G A A A T C -3 ’
5 ’-GCTCTGGATCTGCTTCATTTGTTTGCCTCCCTGCTG-3 ’
5 ’-CAGCAGGGAGGCAAACAAATGAAGCAGATCCAG-3 ’
5’-C TA C A C A T T G A T C C T A G C A G A A G C A C A G G C T G C A G G -3 ’
5 ’-ATGTGGCAACTCATGAAGCAGATCCAGAGC-3 ’
5’- G G G TTTC TA C A G G A C G T A A C A C A T T G A T C C T A G C A G -3 ’
5’-C T T C TG C TA G G A TC A A TG TG TTA C G TC C T G TA G A A A C -3 ’
5’- TCATTGTnGCCTCCCTGCTGCGGTT-3’
5 ’-CACCATGAAGCAGATCCAGAGC-3 ’
5 ’-CACCATGCTGCCCATGTCTTGTG-3 ’
5 ’-CACCATGGACCGTCACCCTGC-3 ’
5 ’-TCATTGTTTGCCTCCCTGCT-3 ’
5’- TCATTGTTTGCCTCCCTGCTGC-3 ’
5 ’-CACCATGTTACGTCCTGTAGAAAC-3 ’
5 ’-CTACACATTGATCCTAGCAGAAGC-3 ’
5’-TCAGTCCATCCCGCTCTCCT-3 ’
5’-TCAATCATCCTGCTCCTCCAC-3 ’
5’-AATCACCACCTCTCACAAACCC -3 ’
5 ’-TCGGTGGCAGAGGTTTCTTTA-3 ’
5 ’-TTGCCCGTGAAGAGACCTAGA-3 ’
5 ’-TCCACCGTTCTCTGTTTCCAT-3 ’
5 ’-CGAGGTTTACGCATCCATGA-3 ’
5 ’-TCGACAGCGAGAGAAGTGAGAA-3 ’

(Continued on Page 32)
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Table 2. (Continued from Page 31)
Primer Name
pMDC7screenF
pMDC7screenR
ODC-SAMDC F
ODC-SAMDC R
mODCF
mODCR
SPDS1 transF
SPDS1 transR
ODC-SAMDC RT-F
ODC-SAMDC RT-R
M 13F
M13R

Sequence
5 ’-ATCATCCCCTCGACGTACTG-3 ’
5 ’-ACCGATGATACGGACGAAAG-3 ’
5 ’- ATGAACGGAATTTTTGAAGGA-3 ’
5’- TTACCAATGTTTGTTTGGTTGC-3 ’
5 ’-GAACCATGGGCAGCTTTAC-3 ’
5 ’-CTACTACATGGCTCTGGA-3 ’
5'-GCATTCTGCTTGCCTTCTTTCGCC-3 ’
5'-AAGAAAGCTGGGTCGGCGCG-3 ’
5'-GCTGGGGCATACACTTTTGTCAGC-3 ’
5'-ACCAATGTTTGTTTGGTTGCCCCTT-3 ’
5 '-GTAAAACGACGGCCAG-3'
5 -CAGGAAACAGCTATGAC-3'
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Table 3. List of all primers used for cloning, QRT-PCR (Alcdzar et al., 2006),
sequencing and screening purposes.
Purpose
Clone of AtSPDSl-A promoter
Clone of AtSPDSl-B promoter
Clone of AtSPDSl-C promoter
Clone of AtSPDSl-D promoter
Clone of AtSPDSl -E promoter
Clone of AtSPDSl -F promoter
Clone of AtSPDS2-A promoter
Clone of AtSPDS2-B promoter
Clone of AtSPDS2-C promoter
Clone of AtSPDS2-D promoter
AtSPDSl QRT-PCR
AtSPDS2 QRT-PCR
AtTIP41 QRT-PCR (normalization)
Inducible AtSPDSl RT-PCR
Clone of GUS for PEST-GUS N-fusion
Clone of PEST for PEST-GUS N fusion
SOE PCR of PEST-GUS for N fusion
Clone of GUS for GUS-PEST C-fiision
Clone of PEST for PEST-GUS C fusion
SOE PCR of GUS-PEST for C fusion
Clone of N-PEST-GUS-l sequence
Clone of N-PEST-GUS-2 sequence
Clone of N-PEST-GUS-3 sequence
Clone of GUS-PEST-C-l sequence
Clone of GUS-PEST-C-2 sequence
Clone of GUS-PEST-C-3 sequence
Clone of AtSPDSl CDS
Screening of inducible AtSPDSl
transgenic T1 generation
Clone and screening for PfODCSAMDC gene
Clone and screening for mODC gene
PfODC-SAMDC RT-PCR
Sequencing insert in TOPO vector

Primer(s)

Annealing
Tm (°C)
60.4
SPDS1 F1/SPDS1 5'UTR
SPDS1 F1/SPDS1 R2
60.4
60.4
SPDS1 F2/SPDS1 5'UTR
60.4
SPDS1 F2/SPDS1 R2
62
SPDS1 F3/SPDS1 5’UTR
60.4
SPDS1 F3/SPDS1 R2
SPDS2 F1/SPDS2 5’UTR
58.7
SPDS2 F1/SPDS2R2
58.7
62
SPDS2 F2/SPDS2 5’UTR
SPDS2 F2/SPDS2 R2
58.7
SPDS lqFl/SPDS lqR 1
60
SPDS2qFl/SPDS2qRl
60
TIP4 lqF/TIP41qR
60
SPDS1 trans F/ SPDS1 trans R
50
75.6
SOE-N-GUS F/ SOE-N-GUS R
SOE-N-PEST F/ SOE-N-PEST R 77
SOE-N-PEST F/ SOE-N-GUS R 77
82
SOE-C-GUS F/ SOE-C-GUS R
SOE-C-PEST F1 SOE-C-PEST R 83
SOE-C-GUS FI SOE-C-PEST R 83
N-fusion-Fl/ N-fusion-Rl
63
N-fusion-F2/ N-fusion-R2/R3
70
70
N-fiision-F3/ N-fiision-R2/R3
C-fusion-F/ C-fusion-Rl
63
C-fusion-F/ C-fusion-R2
63
C-fusion-F/ C-fusion-R3
63
SPDSlcds F/ SPDSlcds R
56
pMDC7screenF/ pMDC7screenR 61
ODC-SAMDC F/ODC-SAMDC
R
mODC F/mODC R
ODC-SAMDC RT-F/ODCSAMDC RT-R
M13 F/M13 R
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60
60
50
NA

Gel Purification of DNA
DNA purification from agarose gel was done by using UltraClean® GelSpin® DNA
Extraction Kit (MO BIO, Cat # 12400-50). Desired DNA band was cut from the agarose
gel and weighed in micro-centrifuge tube. Three volumes of Gelbind buffer were added
to the tube (e.g., 300 p L to 100 mg gel) followed by a two-minute incubation at 55°C
with several inversions. The melted gel solution was loaded into the spin filter and
centrifuged for 10 sec at 10,000 xg. The collection containing the flow-through was
votexed for 5 sec with the spin filter being removed. The flow-through was reloaded into
the spin filter and the centrifugation repeated. After discarding the flow-through, the spin
filter was replaced on the collection tube. A wash step with 300 n L of Gelwash buffer
and a 10-sec centrifugation at 10,000 xg followed sequentially. The spin filter was
centrifuged for additional 30 sec after the flow-through was discarded. The filter was
transferred to a clean collection tube and 50 p L of Elution Buffer added on the center of
the filter membrane. DNA was eluted by centrifuging at 10,000 xg for 30 sec.
Cloning Reaction
Amplification products

of PCR were typically cloned

using Invitrogen

pCR®8/GW/TOPO® TA Cloning Kit (Life Technologies, Grand Island, NY, Cat #
K250020), pENTR™ Directional TOPO® Cloning Kit (Cat # K2400-20) or pCR®2.1
TOPO® TA Cloning® Kit (Cat # K4560-40) following the manufacturer’s directions. A
total volume of 6.0 piL containing 2.0 fiL of fresh PCR product, 1.0 piL of salt solution,
0.5 ftL TOPO vector, and 2.5 p L of water was incubated at room temperature (22-23°C)
for 5-10 min and then used for bacterial transformation or stored at - 20°C.
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Gateway LR Recombination Reaction
Invitrogen Gateway LR Clonase II enzyme Mix (Life Technologies, Cat # 11791020) was used according to the manufacturer’s directions. The reaction mix contained
100 ng of entry TOPO vector, 150 ng of destination vector (specific details as described
in each chapter on vectors) and TE buffer brought to a final volume of 8.0 piL. A volume
of 2.0 ]iL of LR Clonase II enzyme mix was added into each reaction as the final step and
the tubes were incubated at 25°C for 1 h. The reaction was terminated by addition of 1.0
piL of the Proteinase K solution and incubation at 37°C for 10 min. The reaction mixture
was used for bacterial transformation or stored at - 20°C.
Bacterial Culture
Liquid cultures of Escherichia coli and Agrobacterium tumefaciens were grown in
Luria Broth medium (USB, Cleveland, OH, Cat # 75854). For solid cultures, 1.3% agar
(USB, Cat # 10906 5 LB) was added to the medium before autoclaving. Cultures of E.
coli and A. tumefaciens were incubated at 37°C for 18 h and 28°C for 24 to 48 h,
respectively. Liquid cultures were grown on a shaker at 250 rpm.
Preparation of Electrocompetent Bacterial Cells
Overnight culture (3 mL) of A. tumefaciens GV3101 was inoculated in 400 mL LB
medium and incubated at 28°C with vigorous shaking until the A^oo reached 0.5±0.1. The
culture was then divided and centrifuged in two pre-chilled centrifuge bottles at 4000 xg
for 10 min at 4°C and resuspended in 200 mL sterile ice-cold water after decantation of
supernatant. The centrifugation was repeated twice and the pellets were resuspended in
100 mL of ice-cold water and 10 mL of sterile ice-cold 10% glycerol, respectively. The
35

cells were combined, centrifuged and resuspended in 2 mL sterile ice-old 10% glycerol.
Resuspended cells were quickly distributed in 50 /*L aliquots into sterile microfuge tubes,
frozen immediately in liquid nitrogen, and stored at -80°C.
Restriction Digestion and Ligation
Restriction enzymes from New England Biolabs were used for digestion using the
manufacturer’s directions. Typically, digestions were done in a reaction volume of 10 jth
containing lx buffer, lx bovine serum albumin (if required), 2 units//*g DNA of
restriction enzyme, 300-500 ng of DNA and brought up to volume by sterile distilled
water. The reaction was incubated for 2-3 h at specified temperature according to the
Manufacturer’s recommendation and used immediately or stored at -20°C.
DNA ligation was performed by using T4 DNA ligase (NEB, Cat # M0202S). A
reaction volume of 20 piL included lx ligase buffer, 1.0 /*L of T4 DNA ligase, and up to
50 ng of vector and insert DNA with a molar ratio of 1:3. The reaction was incubated at
16°C for 12 h and used for bacterial transformation.
Bacterial Transformation
Chemically competent cell transformation
Chemically competent E. coli TOP10 or Machl™-TlR(Invitrogen, Cat # C8620-03)
were generally used for transformation. One or two /*L of plasmid DNA or cloning
reaction mix was added into 50 piL of competent cells and mixed gently by flicking. The
vial was incubated on ice for 10-20 min, heat-shocked at 42°C for 30 sec and
immediately transferred to ice. After adding 250 /*L of S.O.C. medium (Invitrogen, Cat #
15544-034), the cells were incubated on a shaker (200 rpm) at 37°C for 1 h. Aliquots of
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50 to 150 piL were spread on pre-warmed LB plates supplemented with appropriate
antibiotic for selection. Plates were incubated at 37°C overnight.
Electroporation
A model 2510 electroporator (Eppendorf, Hauppauge, NY) was used for
electroporation of homemade electrocompetent cells of A. tumefaciens strain GV3101.
Generally, 1.0-2.0 ptL (0.1-10 ng) of plasmid DNA was added to 50 ptL of competent
cells thawed on ice. The mixture was transferred to pre-chilled cuvette (1 mm gap) and
electroporated at 1800 V according to the manufacturer’s instruction. This was followed
by addition of 500 jiL S.O.C. medium immediately and incubation at 28°C with gentle
shaking for 2-3 h, before spreading on solid LB medium with appropriate antibiotic;
plates were incubated at 28°C for 48 h.
DNA Sequencing and Sequence Analysis
A total volume of 6.0 jiL of the sequencing reaction contained 300 ng of plasmid
DNA and 5 pmol of either forward or reverse sequencing primer (Table 2, Table 3). The
sequencing was done at UNH Hubbard Genome Centre on the platform of ABI3130
genetic analyzer (Applied Biosystems, Foster City, CA) and the results were aligned and
analyzed with the target sequences using BioEdit Sequence Alignment Editor (Hall,
1999).
Glycerol Stocks
For preparing glycerol stocks, 800 piL of liquid cultures (grown overnight as
described) and 200 piL of sterile glycerol were mixed thoroughly in cryo-vials. The
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stocks were stored at -80°C. Stocks were checked for survival by streaking on LB plates
one month after.
Plant Growth Conditions and Floral-dip Transformation
Arabidopsis thaliana ecotype Columbia seeds were sown in pots filled with 3 parts
Scott’s 360 Metro-Mix (Scotts Company, Marysville, OH) and 1 part of perlite. Pots
were placed in a tray containing water and covered with plastic dome to maintain
humidity. A 48-h incubation at 4°C in the dark was used for stratification before the pots
were moved into growth chamber (21°C, 18 h photoperiod, 80±10 pE m'2 s*1). Plastic
dome was partially removed after 3-5 days and completely removed after about a week;
the plants were watered twice a week thereafter. Miracle-Gro (at !4 strength - Scotts
Company) synthetic fertilizer was supplied in water once a week.
For growth in Petri dishes, approximately 40 mg of seeds were placed in a 1.5 mL
microfiige tube and sterilized in 1.0 mL of 70% ethanol and a drop of filter sterilized 10%
Triton X-100 for 5 min with occasional agitation. The seeds were washed twice with 100%
EtOH, with and without Triton X-100, respectively, and dried in a laminar flow hood.
Sterile seeds were plated on Petri dishes with germination medium [GM: 4.3 g/L
Murashige and Skoog (Murashige and Skoog, 1962) basal salts (Sigma, St. Louis, MO,
Cat # M5524-50L), 0.5g/L MES, 1 g/L sucrose, 1x Gamborg’s vitamins (Sigma, Cat #
G1019-50ML) and 0.8% type A agar (w/v)]. Medium was adjust to pH 5.7 with 0.1 N
KOH and autoclaved. Hygromycin (75 pg/mL) was added to the medium after cooling to
60°C for screening transgenic plants. Approximately 200 seeds were spread on each dish.
The dishes were wrapped with aluminum foil, and seed stratification was performed at
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4°C for 48 h. Petri dishes were moved to growth chamber (25°C, 12 h photoperiod, 80±10
pE m'2 s'1).
The plants were transformed by A. tumefaciens strain GV3101 containing the
appropriate plasmids using modified floral dip method of Clough and Bent (1998). For
each transformation, 3 pots were prepared one week prior to dipping by clipping primary
bolts to encourage synchrony in branching and flowering. A 200 mL culture of
Agrobacterium was started in LB supplemented with appropriate antibiotic (50 //g/mL
kanamycin or 100 /ig/mL spectinomycin) grown for 24 h at 28°C at 250 rpm. The culture
was centrifuged at 5,000 xg, 4°C for 10 min and the pellet was re-suspended in
appropriate volume of 5% (w/v) sucrose with 0.05% final concentration of L-77 Silwet
(Vac In Stuff, Cat # VIS-02) to achieve an O.D . 6 0 0 value of 0.8 ± 0.2. The unopened
flower buds along with flowers were dipped into this bacterial solution for 8-10 sec
avoiding contact with the basal leaves and soil. The pots were laid on their sides on a flat
overnight and covered with clear plastic to maintain humidity. The next day, plants were
rinsed thoroughly with tap water and moved to the plant growth chamber. The plants
were re-dipped in a similar way after a week. Ti seeds were harvested from each pot
separately after the siliques matured. Seeds were desiccated at room temperature for 5-7
days and stored at 4°C.
Cross Pollinations
Selected homozygous parent plants (F0) were grown under normal conditions till
flowering. Unopened flowers from acceptor (female parent) right before the petals
become visible were selected and all other flowers from the same inflorescence were cut
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off. All parts of the selected flowers except pistil were removed by using fine forceps
under a dissecting microscope as rapidly as possible to avoid desiccation. Anther from
donor (male parent) was removed and brushed on the stigma of the acceptor several times
to ensure proper pollination. The pollinated stigma was wrapped with Saran-wrap to
maintain moisture with spacers to accommodate silique development. After about 5 days,
Saran-wrap was removed. Fi seeds were collected once the silique was dry but before it
opened.
Generation of Callus and Suspension Culture
Two-week old seedlings grown on GM were transferred onto callus induction
medium (MS basal salts with Gamborg’s vitamins, 20 g/L sucrose, 2.0 mg/L 2,4- D and
0.8% type A agar, adjusted to pH 5.8) and kept under normal growth conditions as
described above (Gleddie, 1989). After one month, rapid growing, friable callus from
explants was transferred into 50 mL liquid callus induction medium to establish callus
suspension cultures. The cultures were maintained on shaker (140 rpm) at 25°C, under a
12 h photoperiod (80±10 piE m'2 s'1). Cells were subcultured (on weekly'interval) by
transferring 7.0 mL of old suspension culture into 50 mL of fresh medium. Cells were
maintained in solid medium by monthly subculture. Hygromycin (50 /ig/mL) was added
to the medium for transgenic lines.
P>Glucuronidase (GUS) Histochemical Assay
Seedlings or plant organs were collected and submerged in GUS stain [1.0 mM 5bromo-4-chloro-3-indoyl-p-D-glucuronide (Research Products International Corp.,
Mount Prospect, IL, Cat # B72100), 1.0 mM potassium ferricyanide, 1.0 mM potassium
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ferrocyanide, 100 mM sodium phosphate buffer pH 7.0,5.0 mM EDTA, 0.1% Triton X100 and 20% methanol] and kept under low vacuum in a vacuum desiccator for 5 min.
The samples were incubated at 37°C overnight. The stain (substrate) solution was
removed and replaced with 70% ethanol to remove chlorophyll. Representative
photographs were taken using an Olympus C650 digital camera mounted on an Olympus
SZX9 dissecting microscope.
RNA Isolation and cDNA Synthesis
Plant samples (~100 mg FW) collected in liquid nitrogen were stored at -80°C or
used for total RNA extraction immediately using the ZR Plant RNA MiniPrep™ Kit
(Zymo, Cat # R2024). Frozen samples were removed from liquid nitrogen, ground
quickly with addition of 800 fiL of RNA lysis buffer and centrifuged for 1 min at 12,000
xg. 400 fiL of the supernatant was transferred into Zymo-Spin™ IIIC column on top of a
collection tube and spun for 30 sec at 8,000 xg. A 0.8 volume of 100% ethanol was added
into the flow-through, the mix was transferred to a Zymo-Spin™ IIC column and
centrifuged for 30 sec at 12,000 xg. The flow-through was discarded and in-column
DNase treatment was done using RQ1 RNase-Free DNase (Promega, Madison, WI, Cat #
M610A) at 37°C for 20 min. After incubation the column was centrifuged for 30 sec at
12,000 xg, washed twice with 400 \iL of RNA Prep buffer and 800 fiL of RNA wash
buffer for 1 min and 30 sec, respectively at 12,000 xg. The wash step with RNA wash
buffer was repeated and the column was transferred to a DNase/RNase-free collection
tube. DNase/RNase-free water (25 fiL) was added to the column matrix, the column
incubated at room temperature for 30 sec, and RNA was eluted by centrifugation for 30
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sec at 10,000 xg and quantified using NanoDrop 2000C. RNA sample was stored at 80°C or used for cDNA synthesis immediately.
RNA samples were reverse transcribed to first strand cDNA using qScript™ cDNA
SuperMix kit (Quanta Biosciences, Gaithersburg, MD, Cat # 95048-100). A 20 piL cDNA
synthesis reaction contained lx cDNA SuperMix, 1.0 fig of total RNA, and final volume
made up with RNase/DNase-free water. The reaction was run in a PTC™ 100 Thermal
Cycler at the following conditions: 5 min at 25 °C, 30 min at 42 °C and 5 min at 85 °C.
The resultant cDNA was stored at -20 °C before QRT-PCR analysis.
Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR)
The cDNA was quantified by SYBR-green dye based assay. A 10 fiL reaction
contained 5.5 p L of SYBR-Green FastMix, Low ROX (Quanta Biosciences, Cat #
95074-250), a final concentration of 50 nmol each of the forward and reverse gene
specific primers (Table 2, Table 3) and an appropriate amount of cDNA (up to 100 ng of
corresponding total RNA). The reactions were run in MicroAmp™ Fast Optical 96-well
reaction plates (Applied Biosystems, Cat # 4346906) on the Applied Biosystems7500
Fast Real-Time PCR machine. The thermo-cycle conditions included an initial
denaturation at 95°C for 30 sec, 30 to 45 cycles of 95°C for 1 sec and 60°C for 30 sec. A
dissociation step was added to confirm the single specific amplicon. Serial 4x dilutions of
cDNA (from lOx cDNA synthetic reaction dilution) were prepared for standard curve.
The value for specific gene expression was extrapolated from the standard curve and
expressed as a ratio of the value of the gene of interest to the internal control gene
AtTIP41 (At4g34270) (Czechowski et al., 2005; Page et al., 2007).
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Quantification of Polyamine by HPLC
Plant tissues (50-100 mg) were collected in 5% HCICMPCA) in a ratio (w:v) of 1:9
in microfuge tubes. Samples were frozen and thawed three times before proceeding for
dansylation (Minocha et al., 1994). After the final thawing, the tubes were vortexed for 1
min and centrifuged at 14,000 xg for 5 min. 100 piL of the supernatant from each sample
as well as 5 standards (mixture of 3 PAs: Put - 0.002, 0.004, 0.01, 0.02 and 0.04 mM;
Spd/Spm: 0.001, 0.002, 0.005, 0.01 and 0.02 mM) were dansylated with 20 ptL of 0.1
mM heptanediamine as the internal control. The PCA extract was mixed with 100 jiL of
saturated Na2 CC>3 and 100 piL of dansyl-chloride (20 mg/mL in acetone) and incubated at
60°C. After 60 min, 50 fiL of 20 mg/mL asparagine was added and the tubes kept at 60°C
for additional 30 min. Acetone in the samples was evaporated in a speedvac (Savant), and
the dansyl-PAs were extracted in 400 piL of toluene by partitioning. An aliquot of 200 jiL
toluene fraction was transferred to new tube and vacuum dried in Speedvac. The dansylPAs were re-dissolved in 500 ]aL of methanol by votexing for 2 min followed by 2-min
centrifugation. Aliquots (250 piL) of the methanol fraction were transferred into
autosampler vials. The HPLC system included Pecosphere reversed-phase C l8 column
(4.6x33 mm, 3 fim\ Perkin Elmer, Waltham, MA, Cat # 0258-0195). Perkin Elmer series
200 autosampler fitted with a 200 p L loop, a PE series 200 gradient pump, and a
fluorescent detector (Series 200A). The detector was set at excitation and emission
wavelengths of 340 and 515 nm. Samples were injected at 10 piL vol. A 40% to 100%
gradient of 10 mM heptane sulfonic acid (containing 10% acetonitrile; pH of 3.4 solvent A) and 100% acetonitrile (solvent B) was used as the mobile phase with the flow
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rate of 2.5 mL/min. The data were integrated using the PE TotalChrom software (version
328 6.2.1) and the output was calculated as nmol g 'FW.
Radioisotope Feeding Experiments
Seedlings of 2x35S::m0£)C-7/2-l and estradiol inducible mODC-10-1 lines were
grown on solid GM for two weeks at 25°C under 12 h photoperiod. Seedlings from three
Petri dishes (~2.0 g) for each line were transferred into 15 mL of liquid GM in 250 mL
beakers separately. For induction, 5.0 pM (final concentration) of 17P-estradiol (made in
DMSO - Sigma, Cat # E2758) was used for induction; the same line without estradiol
served as the control. The beakers were covered with aluminum foil and kept on a shaker
at 90 rpm. After 8 h of induction, 1.0 pCi of either L-[U-14C]Om-HCl (Sp. act. 261 mCi
mmol'1; Amersham Life Science, Arlington Heights, IL), [1, 4-14C]Put-diHCl (Sp. act
107 mCi mmol'1), [1-4, 14C]Spd-triHCl (Sp. act 112 mCi mmol'1) or [1-4, 14C]SpmtetraHCl (Sp. act 110 mCi mmol'1) and additional 5.0 ml of GM (with/without 5.0 pM
estradiol) were added into each beaker which was placed back on the shaker. Following 4
h incubation, seedlings were washed with 200 mL of non-radioactive GM with/without
estradiol three times, transferred into 9-well cell culture plates and placed back under
normal growth conditions without shaking. About 300 mg of tissue samples were
collected into 500 pL of 7.5% PCA at different times and frozen at -20°C for PA analysis.
Each experiment was repeated twice.
Analysis of Free Polyamines in Radioactive Samples
Samples in PCA were frozen and thawed three times before dansylation (Bhatnagar
et al., 2001). After the final thawing, the tissues were vortexed for 1 min and centrifuged
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at 14,000 xg for 5 min. Aliquots (20 jiL) of PCA extract from all samples were counted.
For dansylation, 200 jiL of PCA extract were mixed with 200 jiL of saturated Na2 C0 3
and 200 jiL of dansyl-chloride (20 mg/mL in acetone) and incubated at 60°C. After 80
min, 100 jiL of 20 mg/mL Asn was added and the tubes kept at 60°C for 30 min. Acetone
in the samples was evaporated under vacuum, and the dansyl-PAs were extracted in 400
jtL of toluene by partitioning. Aliquots (20 jiL) of both the toluene and the aqueous
fractions were counted for radioactivity. Toluene fractions of triplicates from the same
time and treatment were combined, dried in the Speed-vac and then re-dissolved into 90
piL of methanol; 60 jiL of methanol extract was spotted on TLC plate (Whatman LK6 D
silica gel 60; Whatman Inc., Clifton, NJ). The plates were placed in about 10 mL of a
solvent mix of chloroform: triethylamine (5:1, v/v) for 45 min in a chromatography
chamber. The respective PA bands were marked under UV light, scraped, and counted for
radioactivity in 10 mL of Scintiverse (Fisher scientific, Pittsburgh, PA, Cat # SX12-4).
The information obtained, along with the actual amounts of PAs determined in the cells
by HPLC was used to calculate specific activity of each PA in the cells as DPM [14C]
PA .nmol' 1 of the respective PA.
Statistical Analysis
Most of the experiments were repeated at least twice and data from single
representative experiment are presented here. Each treatment incorporated three or four
replicates as described in figure/table legends. Typically, the data were analyzed by
student’s t test using SYSTAT 13 to determine significance at p< 0.05. The statistical
comparisons were usually made between induced sample and uninduced control only at a
given time. Specific analyses are described in the legend of tables and figures.
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Analysis of the Degradation of GUS Fusion Proteins
Seedlings, as well as callus suspension cultures of different GUS-mODC-PEST
fusion constructs, were subjected to analysis by measuring GUS enzyme activity using a
fluorescence assay (Gallagher, 1992). For seedling material, T3 homozygous seeds were
plated on GM with 5.0 pM estradiol for 2 weeks to induce GUS expression. Seedlings
were transferred to 9-well-plates in liquid GM with additional 100 jiM cycloheximide
(CHX) to inhibit protein synthesis and samples were collected at 0 ,4 and

8

h for MUG

assay. Three-day-old callus suspension cultures were induced by 5.0 jiM estradiol. After
2-day induction, 300 ftM CHX was added to the medium, and the samples were collected
at 0 ,2 ,4 , 8 and 24 h for MUG assays.
Fluorometric Assay of GUS Enzyme Activity (MUG assay)
Plant tissue (30-50 mg) collected in 100 jiL of extraction buffer (50 mM NaPC>4 , pH
7.0; 10 mM P-mercaptoethanol; 10 mM EDTA, 0.1% Sarcosyl and 0.1% Triton X-100)
was used directly for assay or stored in -20°C. Tissue was hand-homogenized with a
plastic pestle and centrifuged for 5 min at 16,000 xg. A 10 jiL of plant extract was added
to 500 fiL of assay buffer (extraction buffer containing 1.0 mM methyl umbelliferyl-p-Dglucuronide - PhytoTech Labs, Shawnee Mission, KS, Cat # M569), votexed for one sec
and incubated at 37°C. A 100 piL aliquot of assay mix was removed and transferred into
0.9 mL of stop buffer (0.2 M Na2 COs) at 0 and 10 min of incubation separately. Readings
were taken using DyNAQuant200 fluorometer (Hoefer Inc., Holliston, MA). The
fluorometer was zeroed by stop buffer and standardized by using 50 nM
methylumbelliferone (MU) to adjust the fluorescence units to 500. A 50 jiL of stop buffer
mix was added to a cuvette containing 1.95 mL stop buffer. The cuvette was covered
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with Parafilm, inverted and reading was taken. Soluble protein content in the extract was
measured using Bradford assay (Bradford, 1976). A 5.0 fiL of plant extract was mixed
with 1.5 mL of Quick Start Bradford Dye Reagent lx (Bio-Rad Laboratories, Hercules,
CA, Cat # 500-0205). After 20 min incubation,

A 595

was measured in a Spectronic® 20

Genesys ™ spectrophotometer (Spectronic Instruments Inc., Rochester, NY). Known
concentrations (0.2,0.4,0.6,0.8 and 1.0 mg/mL) of bovine serum albumin (BSA; Sigma,
Cat # A4503) were used to make a standard curve, which was used to calculate protein
concentration. The final GUS activity was calculated as pmoles MU/min/mg protein.
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CHAPTER I

CHARACTERIZATION OF THE EXPRESSION PATTERN OF SPERMIDINE
SYNTHASES

Introduction
Methodology to Study Gene Function
As one of the fastest growing fields in biology today, functional genomics is aimed
at understanding the role and regulation of expression of various genes in different tissues
and organs of an organism during its entire life cycle. There are several techniques used
in investigating gene function and regulation of gene expression. Each of these
techniques has some advantages as well as limitations; none being a perfect approach.
Among the most common and time-tested method of analyzing gene function is the
use of mutants. In addition to selection of naturally occurring mutants, both “loss-offunction” and “gain-of-function” mutants have been generated via various approaches in
model plants (e.g. Arabidopsis) as well as crop plants. In almost all cases, targeted
mutagenesis still remains a rare possibility.
Chemical mutagens such as ethyl methane sulfonate (EMS) were used initially to
generate point mutations or small deletions. More recently, insertion mutagenesis using
Agrobacterium T-DNA or transposable elements (transposons) has become the most
effective method with the advantage of easy determination of mutation sites due to the
fact that mutation is tagged by known insertion fragment (Kuromori et al., 2009;
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Kleinboelting et al., 2012; Jung and An, 2013). The resulting mutants are mostly loss-offunction (a.k.a. knockout or knock-down) mutants. Between the two types of insertions,
T-DNA insertion often generates multiple inverted or tandem copies of inserts, while the
transposon system creates single copy inserts with small size.
While single gene knockout/knockdown mutants are a powerful and straight-forward
method to study gene function, due to the functional redundancy of duplicated genes or
gene families, single gene mutations are inadequate in most cases to produce a clear
phenotype. This makes the generation of double/multiple mutants necessary in some
cases. The other drawback is the lethality of mutants for some indispensable genes for
which mutated phenotypes are not easy to observe. These problems can be overcome by
the genetic engineering or the transgenic approach. It should also be mentioned that
screening of mutants is a tedious and laborious process as compared to the transgenic
approach.
Methods to Study Gene Expression
In order to understand the function of a gene comprehensively, regulation of gene
expression also needs to be investigated. Gene expression is regulated at multiple steps;
transcription being the first and the easier one to study. Although proteins are the final
product, mRNA is an intermediate product for each protein whose presence as well as
0

relative abundance can be studied by several experimental approaches. Even though in
most cases transcript abundance is not necessarily correlated with protein production (i.e.
translation) or enzyme activity, it does provide insight into regulation of gene activity and
gene function in a cell/tissue/organ specific manner.
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In order to study gene expression at the transcriptional level, low-to-medium
throughput techniques such as northern blot and QRT-PCR are extensively used (Wong
and Medrano, 2005; Schlamp et al., 2008). These approaches are useful for analysis of
small numbers of genes with known sequences but are limited for large-scale gene
investigation and not applicable for use with unknown transcripts due to the requirement
of using probes and primers. These techniques also require isolation of RNA, which often
makes it difficult (if not impossible) to analyze cell specificity of gene expression. A
major problem with northern hybridization is the lack of specificity of probe where crosshybridization can occur among gene family members which have high sequence
similarity (Bartlett, 2002; Schlamp et al., 2008). In comparison, QRT-PCR is a more
sensitive and sequence-specific technique, which allows measurement of mRNA
abundance quantitatively, and also for genes with relatively high sequence similarity.
While RNA preparation is still required, the quantity of RNA needed is not as high as for
northern blots. Moreover, the technique can be used with moderate numbers of samples,
depending upon the RNA isolation techniques (Wong and Medrano, 2005; Jozefczuk and
Adjaye,2011).
Besides these low/medium throughput methods, an increasing number of high
throughput approaches have been developed to study whole-transcriptome level changes
in gene expression in response to experimental treatments or in different stages of
development. Microarrays allow simultaneous characterization of expression levels of
thousands of genes of known sequences (Bartlett, 2002; Kumar, 2009; Parkinson et al.,
2011). The major weakness of this technique is its inability to quantify gene transcripts
with low abundance. Another possible problem is the occurrence of cross-hybridization
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when dealing with gene family members with high homology. However, specificity of
probes to distinguish between gene homologues can be improved by using
oligonucleotide-based microarrays such as those generated by Affymetrix instead of
cDNA microarrays (Linton et al., 2009; Morozova et al., 2009; Suo et al., 2010).
Sequencing-based techniques to study transcriptomes have the advantage to
determine the transcripts identity and abundance directly. These high throughput
technologies include: SAGE (Serial Analysis of Gene Expression), second generation
sequencing etc.; however, these technologies are costly and laborious, and provide
superfluous information in case where the target is only a few specific genes (Donson et
al., 2002; Morozova et al., 2009). The SAGE method is an excellent approach to compare
gene expression in different tissues; it produces short 3’- end sequence tags (14-26 bp)
representing each RNA transcript in the sample. These tags then are assembled into larger
concatamers and cloned for sequencing. The tag annotation is performed by basic local
alignment search tool (BLAST) though existing cDNA or EST databases to identify gene
transcripts corresponding to the tag (Matsumura et al., 2005; Royer et al., 2011; Smandi
et al., 2012). Compared to microarray, this technique has the advantage to detect novel
transcripts or novel alternative splicing variants, and the transcript abundance can also be
measured directly. However, this technique still involves laborious cloning steps and is
costly (Morozova et al., 2009).
With the development of next-generation sequencing technologies such as 454 and
Illumina (www.illumina.com), the sequencing costs and experiment complexity have
been reduced and the coverage of transcripts is also greatly improved (Morozova et al.,
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2009). Instead of in vivo cloning process, the next generation sequencing techniques
utilize PCR-based amplification. The sequencing output can be achieved to more than 20
Mb/h, which is several orders of magnitude higher than the older techniques. This
technique yields longer sequence reads and allows the analysis of splice variants and
closely related genes. Moreover, transcripts from various pools can be sorted by unique
tags (barcode system) in single sequencing reaction which dramatically saves the cost and
time (Smith et al., 2010).
Gene Expression at Cell/Tissue Level
All of the techniques discussed above involve RNA isolation, which limits the
resolution of gene expression at best to the organ or tissue level but not at cell level. To
study tissue and cell-specific gene expression, in situ hybridization of mRNA is used
commonly. This approach involves production of a labeled probe and hybridization of the
probe onto tissue sections (Kumar, 2010). The procedure is tedious and has low
sensitivity and specificity, and the same problems as with northern blot hybridization.
Promoter: :reporter fusion is a unique approach to study the regulation of the
expression of specific genes, which is independent of the need for RNA isolation; also,
sequence similarities between closely related genes do not influence the output. The
underlying principle of this approach is that a reporter gene is placed under the control of
the native promoter sequences of the gene of interest and transferred into plants where the
presence of the reporter gene product can be easily detected and/or quantified. The
assumption is that the promoter alone is sufficient to mimic the expression of the gene
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(de Ruijter et al., 2003; Xiong et al., 2012). By detecting where and when the reporter
gene is expressed, one analyzes the expression pattern and regulation of the target gene.
This technique is highly sensitive to show even low level of expression. Since the
promoter of each gene is cloned, the technique does not depend on gene sequence, and
specificity is also high, which makes it a good way to study genes with high homology.
The detection of the reporter gene expression can be easily achieved without RNA
preparation, which makes tissue and cellular localization analysis practical. However, the
definition of the promoter sequence is ambiguous, which can vary from a few hundred to
thousands of base pairs upstream of the transcription start site (Vedel and Scotti, 2011).
Moreover, the use of a cloned sequence representing the promoter does not often include
distant regulatory elements (e.g. enhancers), which are not contiguous with the promoter.
The assessment of reporter activity in this case depends upon a combination of promoter
strength, duration of promoter activity, reporter mRNA stability as well as reporter
protein stability and activity. The difference in translatability and mRNA/protein stability
between the reporter gene and the native gene may further affect the post-transcription
regulatory processes, thus yielding false results. Some of these problems can be partially
overcome by doing translational fusions in which the promoter as well as a part of (or the
entire) open reading frame of the gene of interest is fused. However, transcriptional
fusion version of promoter::reporter is used more commonly to assess promoter activity.
Since the exact length of a promoter is ambiguous, several constructs of varying lengths
of the putative promoter are often used (Vedel and Scotti, 2011).
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Two of the most commonly used reporter genes in plants are Green Fluorescent
Protein (GFP) and 0-glucuronidase (GUS); the products of both can be detected
qualitatively and measured quantitatively. The most widely used substrate for qualitative
test for GUS activity is X-Gluc (5-bromo-4-chloro-3-indolyl-P-D-glucuronic acid) whose
glucosidic linkage is cleaved by the enzyme. The subsequent product is dimerized by
oxygen into a blue colored precipitate, which is easily visualized. This histochemical
detection is an easy and fast way to study the tissue/cell specific gene expression. The
stable GUS protein makes the detection sensitive even for promoter with weak activity;
however, the same feature makes it less suitable for conditional and temporal regulation
of this gene (Koo et al., 2007; see Chapter IV). Another weakness of this technique is that
the reaction involves destructive sampling; thus it is not feasible to analyze the dynamic
promoter activity in living cells/tissues. The diffusion of product during the process of
staining might lower the cellular resolution of this assay (de Ruijter et al., 2003; Xiong et
al., 2012). 4-Methylumbelliferyl-P-D-glucuronide (MUG) is another substrate, which is
extensively used for quantitative GUS assay. In this case, GUS hydrolyzes the substrate
generating the product with detectable fluorescence. This assay requires protein
extraction from tissue and thus is not applicable for cell-specific expression study. This
reporter is more widely used in plants due to its low background signal in cells.
Destaining process in the histochemical assay further minimizes the background caused
by plant pigments (de Ruijter et al., 2003).
GFP visualization is not substrate dependent and can be used to study real-time gene
expression in living tissues. Sub-cellular localization of the protein is also feasible by
using this reporter. Because of high levels of auto-fluorescence in several plant tissues,
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the detection of low level of GFP is rather difficult (de Ruijter et al., 2003; Ckurshumova
et al., 2011; Sparkes and Brandizzi, 2012; Xiong et al., 2012). It also requires specialized
microscopes for visualization and quantification of the reporter.
(

Studying Gene Expression at Protein Levels
As useful as the mRNA analysis is, it is also important to study the presence and the
activity of proteins in order to understand gene functions, especially for the enzymes
(Pandey and Mann, 2000). To determine the presence and abundance of proteins, western
blot {aka. immunoblot) is often used either with cell/tissue extracts directly or following
gel electrophoresis of the extract. It is a powerful approach to determine the presence as
well as relative abundance of a particular protein. Absolute quantitation however is not
feasible. Western blot can detect denatured proteins from SDS-PAGE as well as native
proteins following native gel electrophoresis. Direct enzyme assays (where applicable)
also provide a quantitative measurement of gene expression. To identify proteins, twodimensional gels can be used. High-throughput analysis techniques known as proteomics
utilize technologies like mass spectrometry and protein microarrays; however, these
technologies are expensive and not useful for routine laboratory work at present.
I studied the expression pattern of two genes for the enzyme involved in the
biosynthesis of Spd in Arabidopsis in almost all tissues during its entire life cycle. These
genes are AtSPDSl and AtSPDS2. The study involved the use of prpmoter: :Gt/S fusion as
well as limited amount of QRT-PCR.
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Results
Cloning of AtSPDSl and AtSPDS2 Promoters and Generation of Transgenic Plants
In order to study the regulatory roles of AtSPDSl and AtSPDS2 promoters and the
5’-ORF sequences of these genes in regulating their expression, different constructs (Fig.
3) were made which contained the putative promoter and the 5’UTR (transcriptional
fusion) or the putative promoter, the 5’UTR and a part of the ORF (translational fusion)
for each gene. The putative full length promoters were defined on the basis of their
location at the 5’ end of the annotated gene and the 5’-adjacent gene. Shorter (truncated)
versions of the promoter constructs were also produced (Fig. 3). Six different promoter
fragments (A through F) for AtSPDSl and four (A through D) for AtSPDS2 were PCR
amplified (Fig. 4) from A. thaliana genomic DNA using sequence specific primers (Table
2, Table 3). The pCR8.0/GW/TOPO vector clones of these sequences were confirmed to
be correct by restriction digestion (Fig. 5, Fig. 6 ) and sequencing for correct insertion and
its orientation within the vector. The correct inserts when sub-cloned into pMDC163
vector, fused with the GUS reporter sequence (Fig. 7, Fig. 8 ) were also confirmed by
restriction digestion (Fig. 9). The plasmids in Agrobacterium tumefaciens (strain GV3101)
were selected on kanamycin (50 fi g/mL). Detailed figures for the final vectors are shown
in Appendix B.
The Ti (putatively transformed) seeds were harvested and screened by plating on
GM with hygromycin (70 pi g/mL). Transgenic seedlings were transferred into soil and
grown to produce T2 seeds. Three to five selected T2 lines were confirmed to contain a
single copy of the transgene by segregation test; i.e. a ratio of 3:1 was observed for the
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number of live to dead seedlings on selection medium. Homozygous T 3 plants were again
confirmed by segregation analysis test ( 1 0 0 % live seedlings on selection medium), and
these lines were used for qualitative GUS histochemical assays.
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Figure 3. Constructs of AtSPDSl (NM_102230) and AtSPDS2 (NM_105699) promoters
fused with GUS.

57

Figure 4. Gel electrophoresis of PCR products of SPDS1-A (lane 1: 1706 bp), SPDS1-B
(lane 2: 1795 bp), SPDS1-C (lane 3: 854 bp), SPDS1-D (lane 4: 943 bp), SPDS1-E (lane
6 : 473 bp), SPDS1-F (lane 5: 562 bp), SPDS2-A (lane 7: 1340 bp), SPDS2-B (lane 8 :
1451 bp), SPDS2-C (lane 9: 587 bp), SPDS2-D (lane 10: 698 bp).
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Figure 5. (a) Plasmid maps of AtSPDSl promoter constructs in pCR8.0/GW/TOPO
vector; (b) Gel electrophoresis of restriction digestion products of AtSPDSl promoter
constructs in pCR8.0/GW/TOPO vector. 1: SPDS1-A (EcoRV, 1.6+2.9 kb); 2: SPDS1-B
(EcoRV, 1.7+2.9 kb); 3: SPDS1-C (Xbal, 0.9+2.8 kb); 4: SPDS1-D (Xbal, 1.0+2.8 kb); 5:
SPDS1-E (NdeU Xbal, 0.7+2.6 kb); 6 : SPDS1-F (Ndel+ Xbal, 0.8+2.6 kb).
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Figure 6 . (a) Plasmid maps of AtSPDS2 promoter constructs in pCR8.0/GW/TOPO
vector; (b) Gel electrophoresis of restriction digestion products of AtSPDS2 promoter
constructs in pCR8.0/GW/TOPO vector. 1: SPDS2-A (Xbal, 1.3+2.9 kb); 2: SPDS2-B
(Xbal, 1.4+2.9 kb); 3: SPDS2-C (EcoRV, 0.2+3.2 kb); 4: SPDS2-D (EcoRV, 0.3+3.2 kb).
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Figure 7. Plasmid maps of AtSPDSl promoter constructs in pMDC163 vector with
diagnostic restriction enzymes specified.
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Figure 8 . Plasmid maps of AtSPDS2 promoter constructs in pMDC163 vector with
diagnostic enzymes specified.

Okb

1kb

Figure 9. Gel electrophoresis of restriction digestion products of AtSPDSl and AtSPDS2
promoter constructs in pMDC163 vector. 1: SPDS1-A (Xbal, 0.7+12 kb); 2: SPDS1-B
(Xbal, 0.8+12 kb); 3: SPDS1-C (Xbal, 0.7+11 kb); 4: SPDS2-A (Xbal, 1.1+11 kb); 5:
SPDS2-B (Xbal, 1.2+11 kb); 6 : SPDS1-E (Ndel, 2+2.5+3+4.2 kb); 7: SPDS1-F (Ndel,
2+2.5+3+4.3 kb); 8 : SPDS2-C (EcoRV, 0.2+0.7+2.2+2.6 + 6 kb); 9: SPDS2-D (EcoRV,
0.2+0.8+2.2+2.6+6 kb); 10: SPDS1-D (Xbal, 0.8+1.1 kb).

Developmental Expression Profiles of AtSPDSl and AtSPDSl in Seedlings
Ten seedlings from each line germinated on GM without antibiotic were collected
every other day from 1 DPG (days post germination) through 11 DPG to perform GUS
histochemical assay. Representative pictures are shown here. All constructs of both
SPDS1 and SPDS2 promoters showed quite similar constitutive GUS activity throughout
the seedling at all stages from DPG 1 through 11 (Fig. 10). Specifically, high GUS
activity (aJcxi. stain) was observed at 1 DPG seedlings in the cotyledons, hypocotyls and
the veins of roots. In 5 and 11 DPG seedlings, GUS activity was present in all tissues
including the young leaves. However, the GUS stain in roots and hypocotyls of older
seedlings (11 DPG) was lighter than younger ones (1 and 5 DPG). No major differences
between transcriptional and translational fusion constructs for either gene were observed.
For both SPDS1-A and B, GUS activity was high in the root veins, but little or no GUS
was detectable near the root tip in SPDS2-A or B construct (Fig. 11). A small difference
was observed in lateral roots where SPDS1 constructs showed high GUS expression
while SPDS2 constructs had little/no expression (Fig. 11).
Expression Profiles of AtSPDSl and AtSPDS2 in Mature Plants
To study GUS activity in the vegetative organs in mature plants, roots and rosette
leaves from 3-week old plants, and cauline leaves and stalks from 5-week old plants,
were subjected to histochemical GUS assay. SPDS1-A through F constructs showed
constitutive GUS activity in roots, and rosette as well as cauline leaves (Fig. 12). For
roots, somewhat higher activity was detected in lateral roots than the main root. In flower
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(a)
1DPG

5DPG

11 DPG

Figure 10. GUS activity in 1 DPG, 5 DPG and 11 DPG seedlings of SPDS1-A, B, C, D,
E and F promoter::GUS constructs (a) and SPDS2-A, B, C and D promoter::GUS
constructs (b).... Continued on Page 65.
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<b)
1DPG

5DPG

Figure 10. Continued from Page 64 - see legend on Page 64.
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Figure 11. GUS activity in primary roots and lateral roots of seedlings containing
SPDS1-A and B, and SPDS2-A and B constructs.
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C auline leaf

Stalk

Figure 12. GUS activity in vegetative organs: roots and rosette leaves of 3-week old and
cauline leaves and stalks of 5-week old plants carrying AtSPDSl- A, B, C, D, E and F
promoter::GUS constructs.
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stalks, whereas SPDS1 transcriptional fusions (A, C and E) showed no GUS activity, its
translational fusion constructs (B, D and F) had some GUS activity, particularly in the
trichomes (Fig. 12). All SPDS2 constructs showed GUS activity in roots and rosette
leaves but no activity was observed in the stalks except SPDS2-B, which exhibited weak
expression in trichomes (Fig. 13). The SPDS2 transcriptional fusions (A and C) had no
GUS activity in cauline leaves; it was quite high for its translational fusion constructs (B
andD).
In flowers and siliques from 5-6 week old plants, GUS activity in all SPDS1
constructs was present at the base of the flower, sepals, stamen filaments and the pistil
style (Fig. 14a). No expression was detected in petals, anthers/pollen grains, stigma or the
ovary including the ovules. The GUS activity in siliques was observed only in the lower
parts of the valves for SPDS1 transcriptional fusion constructs (A, C and E) but in the
entire valve for translational fusion constructs (B, D and F). All of the SPDS2 constructs
also showed similar GUS activity pattern in flowers, however with less expression in
sepals and stamen filaments, and visible in stigma of two translational fusion constructs
(B and D) (Fig. 14b). In siliques, GUS activity was found only in the upper valves and
pedicel for SPDS2 constructs. These data are tabulated in Appendix A.
The activity of GUS was also examined in developing embryos at different stages of
development by carefully dissecting out embryos from seeds under the microscope and
then incubating them with the substrate. Truncated promoter constructs did not show
major difference in expression as compared with the full length constructs (Appendix A).
Thus only figures for SPDS1-A&B and SPDS2-A&B constructs are shown to represent
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the transcriptional and translational fusions for both genes (Fig. 15). The expression of
GUS was absent at very early stage of embryo (heart stage) development for all
constructs. Only SPDS1 translational fusion (A) showed GUS expression in torpedo stage
embryo; GUS activity appeared in later stages in all cases with preferential distribution in
the cotyledons.

R oots

R o sette leaf

C auline leaf

Stalk

Figure 13. GUS activity in vegetative organs: roots and rosette leaf of 3-week old and
cauline leaves and stalks of 5-week old plants carrying AtSPDS2-A, B, C and D
promoter: :GUS constructs.
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(a)
Flower

Stigm a

A nther

Silique

Figure 14. GUS activity in reproductive organs: flowers and siliques of plants carrying
SPDS1-A, B, C, D, E and F (a) promoter::GUS constructs and SPDS2-A, B, C and D (b)
promoter::GUS constructs Continued on Page 71.
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Figure 14. Continued from Page 70
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Sillque
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T orpedo/linear
cotyledon
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SPDS1-A

SPDS1-B

Figure 15. GUS activity in developing embryos (heart, torpedo, torpedo/linear cotyledon
and bent cotyledon stages) of SPDS1-A&B and SPDS2-A&B promoter::Gt/S constructs.
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Expression of AtSPDSl and AtSPDS2 in Response to Wounding
To test the AtSPDSl and AtSPDS2 promoter activity in response to wounding,
rosette leaves from 5-week old plants of SPDS1-A&E and SPDS2-A&C constructs were
used. Random holes were poked (using dissecting needles) on leaves kept on the plants,
and wounded and unwounded leaf samples were stained only for 2 h at 1, 3 and 6 h after
injury. At 1 h after wounding, increased GUS activity was observed initially at the
injured sites for SPDS1-E and SPDS2-C constructs (Fig. 16); by 3 h, high GUS activity
was present not only at the wounded sites, but also systemically in other areas of the leaf
for all constructs.
Analysis of Putative Regulatory Motifs in the Promoters of AtSPDSl and AtSPDS2
Promoter sequences of AtSPDSl and AtSPDS2 were analyzed for known (putative)
ris-elements by using the Athena software (O’Connor et al., 2005); the results are shown
in Table 4 and Table 5. The analysis revealed the presence of several common putative
developmental

and

stress

responsive

motifs

in

both

promoters,

including

CARGCW8GAT motif, GA responsive factor binding site motif GAREAT, MYB4
binding site motif (drought, cold, salt, wounding response) as well as pathogen and
wounding responsive factor binding motif W box. Besides, AtSPDSl promoter also
contains CACGTG motif (embryogenesis), evening element promoter motif, flower
specific motif, MYB binding site and drought responsive element binding site MYB1AT.
On the other hand, AtSPDS2 promoter contained some unique motifs; e.g. auxin response
factor-binding, ARF binding motif, I-box promoter motif (light regulated) and MYB2AT
(ABA, water stress). Several motifs were present in multiple copies within the putative
promoter sequence.
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QRT-PCR of Native AtSPDSl and AtSPDSl Gene Expression
In order to determine if promoter: :GUS fusion analysis reflected the actual
expression of the two AtSPDS genes at different developmental stages and in different
organs, RNA from 2 and 10-day old WT seedlings, and 5-week old roots, rosette and
cauline leaves, flower buds, flowers, siliques and flower stalks was used for QRT-PCR
analysis of relative gene expression using gene specific primers (Alcizar et al., 2006; also
see Table 2, Table 3). The expression was normalized to AtTIP41. Highest expression
for both genes was found in 2 DPG seedlings (Fig. 17a). Compared with early seedlings,
the level of AtSPDSl transcripts declined slightly but remained constitutive in 10 DPG
seedlings as well as all other organs of mature plants (Fig. 17b). On the other hand, the
abundance of AtSPDS2 transcripts showed a similar pattern except that relatively lower
expression was detected in cauline leaves and lower parts of flower stalk (Fig. 17).
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U nw ounded

1h

3h

6h

SPDS1-A

SPDS1- E

SPDS2-A

Figure 16. GUS activity in rosette leaves of 5-week old plants without wounding and 1,3
and 6 h post wounding for promoter::GUS constructs SPDS1-AJSPDS1-E, SPDS2-A and
SPDS2-C. Tissues were stained for 2 h at 37°C.
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Figure 17. Relative gene expression (QRT-PCR) of AtSPDSl and AtSPDSl in WT
Arabidopsis: (a) seedling stages and (b) 5- week mature plants. The expression of target
genes was normalized to AtTIP41. Data are mean±SE of three biological replicates.
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Table 4. Analysis of putative cis regulatory elements in AtSPDSl promoter sequences
(O’Connor et al, 2005). W represents A/T, R represents A/G, M represents A/C, H
represents A/C/T and Y represents C/T.
Motifs
CACGTG motif
CARGCW8GAT

Evening element
promoter motif
GAREAT

MYB binding site
promoter
MYB1AT

Consensus
Sequences
CACGTG

Binding sites
(strand)
-214 to -209 (+)
-214 t o -209 (-)
CWWWWWWWWG -1284 t o -1275 (+)
-118 to -109 (+)
-118 t o -109 (-)
-1284 to -1275 (-)
AAAATATCT
-1453 -1445 (-)

Physiological
response
embryogenesis

TAACAAR

-1299 to-1293 (+)
-544 t o -538 (+)
-789 t o -783 (-)
-244 t o -237 (-)
-1646 t o -1639 (-)
-1035 to -1030 (+)
-295 to -290 (+)
-159 to -154 (+)
-122 to -117 (+)
-1643 to -1638 (-)
-1324 to -1318(+)
-742 to -736 (+)
-244 to -238 (-)
-1646 to -1640 (-)
-752 t o -745 (-)

GA induced seed
germination

-391 to -386 (-)
-1318 t o -1313 (-)
-1100 t o -1095 (-)
-1212 to -1207 (-)
-1238 to -1233 (-)
-1315 t o -1310 (-)

G-3-PDH beta
subunit
Transcription

MACCWAMC
WAACCA

MYB4 binding site
motif

AMCWAMC

SV40 core
promoter motif
T-box promoter
motif
TATA-box Motif

GTGGWWHG

W-box promoter
motif

ACTTTG
TATAAA
TTGACY
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AGL-15site
regulating
embryogenesis
Circadian control

flower specific motif
drought responsive
element

drought, cold,
salt .wounding

SV40 core enhancer

Wounding response

Table 5. Analysis of putative cis regulatory elements in AtSPDS2 promoter sequence
(O’Connor et al., 2005). W represents A/T, R represents A/G, M represents A/C, H
represents A/C/T and Y represents C/T.
Motifs

Binding sites
(strand)
ARF binding site
-988 to -983 (+)
motif
-731 to -726 (+)
CWWWWWWWWG
CARGCW8GAT
-1165 to -1156 (+)
-1100 to -1091 (+)
-182 to -173 (+)
-129 to -120 (+)
-129 to -120 (-)
-182 to -173 (-)
-1100to-1091 (-)
-1165 to -1156 (-)
TAACAAR
GAREAT
-98 to - 92 (+)
-1032 to -1026 (-)
-1190 to -1184 (-)
CAAATGAA
Gap-box Motif
-863 to -856 (+)
GATAAG
Ibox promoter
-545 to -540 (+)
-648 to -643 (-)
motif
TAACTG
MYB2AT
-1111 to -1106 (+)
MYB4 binding site AMCWAMC
-953 to -947 (-)
-1033 t o -1027 (-)
motif
SV40 core
promoter motif
RAV1-B binding
site motif
TATA-box Motif
W-box promoter
motif

Consensus
Sequences
TGTCTC

Physiological response
Auxin Response factor
AGL-15 site regulating
embryogenesis

GA induced seed
germination
Light regulated
ABA, water stress
drought, cold,
salt .wounding

GTGGWWHG

-742 to -735 (-)

SV40 core enhancer

CACCTG

-878 to -873 (+)

TATAAA

-80 to -75 (-)
-1133 to -1128 (-)
-20 to -15 (-)
-277 to -272 (-)

RAV binding site, rosette
leave and roots
Transcription

TTGACY

78

Wounding response

Discussion
Identification of Functional Promoter
The definition of the promoter region of a gene is ambiguous. A common approach
to identify the promoter region of a gene is to amplify and clone the sequence upstream
of the 5’-UTR/gene (generally up to 2 kb or to the adjacent gene), and study its activity
via fusion with a reporter gene (e.g. GUS or GFP) and its expression in transgenic plants.
Based on the location of their adjacent genes, the AtSPDSl and AtSPDS2 have a putative
promoter of up to 1698 bp and 1257 bp, respectively. Bioinformatics analysis revealed a
number of putative motifs relevant to development and stress response within these
sequences (Table 4, Table 5), which is in line with the known importance of PAs in these
events. However, the identification of actual functional promoter for these two genes
needs to be further examined and confirmed via experimental evidence. Here, I
demonstrate the cell, tissue and organ specific expression of AtSPDSl and AtSPDSl by
promoter::GUS fusion approach. Further analysis of the importance of different parts of
the 5’ end of the promoter sequences (using 5’-deletion) and the 5’end of the ORF, it was
observed that smaller segments of 465 bp for AtSPDSl and 503 bp for A1SPDS2 were
sufficient to drive the temporal as well as the spatial expression of GUS identical to the
putative whole promoter. In addition, truncated promoter constructs also responded to
wounding in the same way as the whole promoter (Fig. 16). While the results of my study
are consistent with the earlier reports that these two genes are expressed in a redundant
manner in the seedling at least at the organ level; they further show that only minor
differences exist even at the cellular level of expression. The results also reveal that the
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real functional promoter of AtSPDSl and AtSPDS2 is most likely located within 500 bp
upstream of the transcription start site for both genes.
It was also seen that the addition of partial ORF did have some effect on the
expression pattern of AtSPDSl and AtSPDS2\ for the former gene there was an upregulation by the 84 bp of ORF on expression in the silique valves, and a downregulation in early embryos. Some of these differences would not have been seen using
techniques other than the promoter::GUS fusion. The AtSPDS2 gene only showed
increased activation by 111 bp of the ORF on expression in cauline leaves and flower
stigma. It is known that the 5’ region of the ORF is often involved in translational/posttranslational control of a gene (e.g., through Kozak sequence and N-terminus rale, Kozak,
2002; Graciet et al., 2010). The hypothesis of translational/post-translational regulation of
plant SPDS has been proposed in a few studies (Franceschetti et al., 2004; Eftose et al.,
2008) where a poor correlation among transcripts, enzyme activity and cellular contents
of Spd and/or Spm was observed. However, neither experimental nor bioinformatics
evidence has been presented to support this conjecture in Arabidopsis. Taken together,
the results suggest that the expression of AtSPDSl and AtSPDS2 is regulated mostly at
transcriptional level.
Expression Patterns of AtSPDSl and AtSPDS2 in Seedlings
Both the promoter: :G£/S fusion approach and the QRT-PCR analysis showed
comparable (largely constitutive) expression patterns of AtSPDSl and AtSPDS2 in the
seedlings. These results are in agreement with previous studies using northern blots,
semi-quantitative RT-PCR (Hanzawa et al., 2002; Urano et al., 2003), and microarrays
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(www.genevestigator.comy The major advantage of my approach was that it provided
better resolution for cellular localization of expression which did show some differences
at later stages of seedling development. Both genes have higher expression in younger
seedlings than older ones, which is consistent with the active roles of PAs in cell division
and growth during seed germination (Igarashi and Kashiwagi, 2010b). Particularly, the
expression of both genes is constitutive in cotyledons and true leaves. Higher expression
in root vascular tissues and hypocotyls was observed in early stages and declined
gradually over time. The explanation for this result may be twofold: (i) the expression
itself may have ceased or slowed down and (ii) the cell elongation may have diluted the
enzyme. Interestingly, subtle differences in expression of the two homologs were detected
in roots at later stages. Although localized mostly in the vascular bundles, AtSPDSl
appeared to have higher expression than AtSPDS2. Moreover, the expression of AtSPDS2
was absent in the developing lateral roots and near to root tip which is most likely to be
the differentiation and elongation zones. This difference suggests that the two genes
might have different roles under certain conditions instead of being redundant. Whether
these complementary roles are developmentally regulated or have physiological
significance in the natural soil environment of the root is not known. For example,
Hewezi et al. (2010) reported that AtSPDS2 but not AtSPDSl expression was induced by
infection of cyst nematode Heterodera schachtii at the feeding sites in roots, and the
enzyme also interacted with a nematode effector protein 10A06 during the infection. An
earlier study also showed an increase of AtSPDS2 expression (but not AtSPDSl) in
response to kinetin, which would certainly be expected to be present near the root tip.
Taken together the results indicate that AtSPDSl expression is higher and more
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ubiquitous while AtSPDS2 expression may be induced by stimuli such as parasites, plant
hormones or other environmental factors.
Expression of AtSPDSl and AiSPDS2 in Mature Plants
Urano et al. (2003), using semi-quantitative RT-PCR, reported constitutive presence
of AtSPDSl transcripts in all organs (flowers, buds, immature and mature siliques, upper
and lower stems, and cauline and rosette leaves). I also observed that AtSPDS2 mRNA
was found in all organs but at relatively lower levels in the mature siliques and upper
inflorescence stems. Again, my results with both QRT-PCR and promoter::GUS fusion
approach are congruent with each other and are consistent with earlier findings; yet they
advance our knowledge of cellular localization of their expression within each organ.
Particularly in flower stalks, AtSPDSl expression was mainly found in trichomes,
whereas AtSPDS2 expression was hardly detected. In some species, trichomes are known
to be associated with plant defense response to biotic and abiotic stresses (Bosu and
Wagner, 2007; Gonzdles et al., 2008; Cui et al., 2011). The expression of AtSPDSl in
trichomes might indicate its role in stress response especially water stress. Alcdzar et al.
(2006, 2011) have indeed shown an activation of AtSPDSl expression under dehydration
in 3 to 4 week-old Arabidopsis plants. AtSPDS2, on the other hand, was not induced by
water stress. Thus, it can be deduced that AtSPDSl plays a unique role in response to
water stress compared to AtSPDS2.
High expression of AtSPDSl and AtSPDS2 was also detected in reproductive organs,
which is consistent with the substantially abundant amount of Spd in Arabidopsis flowers
(Tassoni et al., 2000; Challa, 2006). The striking absence of expression in pollen, sepals
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and stigma, however, is contrary to the notion that PAs are ubiquitous in all living cells to
perform essential functions such as transcription and translation (Igarashi and Kashiwagi,
2010b). It can be argued that not all cells make their own PAs, instead, PAs can be
transported into those cells which do not produce PAs or they may be stored during
development of certain cell/tissues/oigans. Microarray data exhibited similar ubiquitous
expression patterns in mature organs for the two with low expression being observed in
anther and pollen (Genenvestigator - Hruz et al., 2008).
Another interesting observation was that the expression of AtSPDSl and AtSPDS2
was undetectable in early developing embryos (Fig. 15). This indicates that in early
stages of embryo development, Spd biosynthesis is not the major source of Spd pool.
This result is somewhat in agreement with the study on spdsl!spds2 double mutants,
which showed that the double mutant embryos were arrested at heart-torpedo transition
stage (Imai et al., 2004b). Notably, torpedo stage is when SPDS expression was first
detected in Arabidopsis. Therefore, it can be hypothesized that torpedo stage embryo is
the starting point when SPDS expression becomes indispensable for survival. Thus Spd
requirement before this stage is probably met via transport from surrounding tissues or
storage as discussed above.
In summary, AtSPDSl and AtSPDS2 show high degree of similarity in their
expression pattern, which strongly suggests their functional redundancy in most tissues
and organs at different stages of development. This is also in line with an earlier
observation that single mutant of either spdsl or spds2 had no phenotypic abnormality
under normal conditions (Imai et al., 2004b). However, subtle discrepancy in expression
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also has been revealed giving a hint to their functional diversity under certain
circumstances, most likely in response to abiotic and biotic stresses. This argument is
further supported by a high degree of similarity in the presence of several regulatory
motifs within the promoters of the two genes.

84

CHAPTER II

GENETIC MANIPULATION OF POLYAMINE BIOSYNTHETIC GENES

Results
Clone of AtSPDSl Coding Sequence
The complete coding sequence (CDS) of AtSPDSl amplified from cDNA of 2-day
old WT seedlings was found to be of the expected size 1140 bp (Fig. 18a). The CDS
cloned into the pENTR/D TOPO vector (Fig. 18c) showed the expected restriction
pattern (Fig. 18b) and the sequencing results confirmed its identity to be the correct
(Appendix C). The correct construct sub-cloned into vector pMDC7 (with estradiol
inducible promoter) was again checked by restriction digestion and found to be correct
(Fig. 19). The transformed Agrobacterium GV3101 strain was selected on spectinomycin
(50 ^g/mL). Individual lines of transgenic plants (Ti generation) were found to be
positive as tested by PCR using the sequence specific primers (Fig. 20). The Ti plants
with the T-DNA insert were grown to produce T2 and subsequently T 3 seeds. Selected
homozygous T3 plants screened by segregation test of their progeny were used for PA
analysis. Ten selected plants were confirmed to contain the inducible AtSPDSl gene
sequence as determined by using specific primers that would not amplify the native
SPDS1 gene (Fig. 20).
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Figure 18. Electrophoresis results of PCR products of 1140 bp of AtSPDSl CDS (a) and
restriction digestion products of AtSPDSl CDS in pENTR/D TOPO vector by Hincll: 2.5
kb+0.8 kb+0.26 kb+0.13 kb (b); Plasmid map of AtSPDSl CDS in pENTR/D TOPO
vector (c).
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Figure 19. Restriction digestion products of AtSPDSl CDS in destination vector pMDC7
restricted with Ndel: 4.6 kb+4 kb+2.5 kb+1.7 kb (a); plasmid map of AtSPDSl CDS in
pMDC7 vector (b).
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Figure 20. Results of PCR screening of inducible AtSPDSl individual Tj plants; lane 1:
WT plants, lanes 2-11: transgenic Ti plants of inducible AtSPDSl
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Soluble Polyamine Contents of AtSPDSl Seedlings upon Induction
Polyamines were measured in 2-week old T 3 seedlings of nine individual lines and
WT seeds growing on solid GM medium after induction for 24 h with 5.0

estradiol

(Fig. 21). Addition of estradiol did not affect PA content in WT seedlings. Putrescine
content in transgenic lines did not change significantly upon induction except line 3-1
which seemed to have about a 50% increase in this diamine (Fig. 21a). The Spd and Spm
contents also did not change much; only lines 2-4 and 3-1 showed a small (<20%)
increase in Spd, and lines 2-6,2-8, and 3-1 in Spm on induction (Fig. 21b, c).
Transcripts of AtSPDSl and AtSPDS2 upon Induction of AtSPDSl
Since the PA levels in transgenic seedlings did not change, it was deemed necessary
to check if the promoter was active upon induction. In order to confirm this, cDNA
produced from total RNA of WT as well as lines 2-4 and 3-1 with and without induction
was subjected to QRT-PCR analysis using AtSPDSl specific primers. Figure 22a shows
that AtSPDSl transcripts were induced in transgenic plants to as much as 10 fold in line
3-1 and >2 fold in line 2-4. On the other hand, AtSPDSl transcripts in WT were not
affected by estradiol. Furthermore, to determine if the up-regulation of AtSPDSl
expression could have compensatory down-regulation effect on the expression of
AtSPDS2, QRT-PCR was performed for this gene as well with cDNA from WT and 3-1
seedlings. No significant change in AtSPDS2 transcripts was seen (Fig. 22b) in any case.
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Figure 21. Soluble Put (a), Spd (b) and Spm (c) contents in 2-week-old seedlings of T3
generation of inducible AtSPDSl lines in control (uninduced) and upon induction (5.0
}iM estradiol). Wild type seedlings were also treated with or without (control) estradiol.
An asterisk indicates significant difference between the induced and uninduced samples
(P<0.05, N=3). Each replicate had 10-15 seedlings.
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Figure 22. Relative gene expression (QRT-PCR) of AtSPDSl (a) and AtSPDS2 (b) in
induced (5.0 piM estradiol) and uninduced (control) seedlings of transgenic AtSPDSl 3-1
and 2-4 (only for AtSPDSl) lines and WT. Gene expression was normalized to AtTIP41.
Data are mean±SE of three replicates.
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Hybrid Plants Co-expressing Multiple Polyamine Biosynthetic Genes
One reason for the lack of increase in Spd in the transgenic plants could be that the
substrates for Spd biosynthesis (i.e. Put and dcSAM) were limiting in the cells during
induction. Thus homozygous T 3 plants of inducible AtSPDSl-3-1 line were crossed
separately with 2x35v.mODC-1-7/2 line (called HP; Majumdar, 2011) and another line
(2x35S::PfODC-SAMDC-20-2) which had bifunctional Plasmodium ODC and SAMDC
genes (Majumdar, 2011). Several Fi plants were identified after screening by PCR using
primers specific to each of the genes (Fig. 23, Fig. 24). The F 2 seeds from 2 or 3 plants
were harvested and their seedlings used for PA analysis. The plants were induced with
estradiol for 12 h and 24 h for PA analysis but only for 24 h for mRNA quantification. As
shown in Figure 25a, Put content of AtSPDSl X 2x35S::mODC is substantially higher
(up to

2 0

fold) than other two lines under both uninduced and induced conditions, which

is attributed to the constitutive expression of mODC. Upon 12 h and 24 h induction, Put
titer in the other lines, either harboring the Plasmodium ODC/SAMDC or only the
AtSPDSl, did not change significantly. Spermidine and Spm contents also showed only
small changes upon induction in all three lines (Fig. 25b, c).
The QRT-PCR results with AtSPDSl (Fig. 26a) showed that in AtSPDSl X
2x35S::mODC plants, the total AtSPDSl transcripts surprisingly declined to 50% upon
induction. Furthermore, primers specific for inducible AtSPDSl transcripts showed the
induction of transgenic AtSPDSl in AtSPDSl X 2x35S::mODC plants (Fig. 26b). On the
other hand, AtSPDSl X 2x35S::PfODC-SAMDC plants had a dramatic increase in total
AtSPDSl transcripts upon induction (Fig. 27a). When RT-PCR was performed for
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pfODC-SAMDC gene, its transcripts in the hybrid plants showed that this gene was being
constitutively expressed in these plants AtSPDSl X 2x35S::PfODC-SAMDC (Fig. 27b).

Figure 23. PCR screening of Fi plants from cross pollination of inducible AtSPDSl-3-1
and 2x35S::mODC-lll-2 lines using mODC sequence specific primers (a) with genomic
DNA of WT (1), 2x35S::mODC-H\-2 (2) and Fi plants (3, 4); inducible AtSPDSl
sequence specific primers (b) with genomic DNA of WT (6) and Fi plants (7,8).

1.6 kb -H

Figure 24. PCR screening of Fi plants from cross pollination of inducible AtSPDSl-3-1
and 2x35S::pfODC-SAMDC-20-2 lines using inducible AtSPDSl sequence specific
primers (a) for genomic DNA of WT (1) and Fi plants (2, 3) and pfODC-SAMDC
sequence specific primers (b) for genomic DNA of WT (4) and Fi plants (5,6).
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Figure 25. Soluble Put (a), Spd (b) and Spm (c) contents in 2-week old seedlings of
inducible AtSPDSl-3-1, AtSPDSl X 2x35S::mODC and AtSPDSl X 2x35S::pfODCSAMDC hybrid F2 plants at 12 h and 24 h post induction (5.0 pM estradiol) and control
(without induction). An (*) indicates significant difference between control and induced
plants (p<0.05, N=4). Each replicate had -100 mg FW of seedlings.

93

0.5
• 0.4
%

£ 0.3

1
S 0.2
O' 0.1

0.0

control

24h inducod

Figure 26. (a) QRT-PCR of AtSPDSl transcripts in 2-week-old seedlings of AtSPDSl X
2x35S::mODC F2 generation at 24 h after induction and uninduced control. The
expression was normalized to AtTlP41. Data are mean±SE of three replicates; (b) RTPCR of inducible AtSPDSl transcripts in seedlings of AtSPDSl-3-1 line at 24 h after
induction (1), control (2) and AtSPDSl X 2x35S::mODC F2 generation upon 24 h
induction (3) by using transgenic AtSPDSl sequence specific primers.
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Figure 27. (a) QRT-PCR of AtSPDSl transcripts in 2-week-old seedlings of AtSPDSl X
2x35S::pfODC-SAMDC F2 generation upon 24 h induction and uninduced control. The
expression was normalized to AtTIP41. (b) RT-PCR of pfODC-SAMDC transcripts in 2week old seedlings of WT (1) and AtSPDSl X 2x35S: .pfODC-SAMDC F2 generation
upon 24 h induction (3) and without induction (2).
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Discussion
Inducible Over-expression of AtSPDSl in Arabidopsis
Unlike Put, the cellular content of Spd and Spm in plants is under tight homeostatic
regulation. This has been seen during growth, in response to abiotic stresses, as well as in
genetic manipulation studies (Bhatnagar et al., 2001, 2002; Nolke et al., 2008; Alet et al.,
2011). Over-expression of SPDS in different plants results in only small increases in Spd
and/or Spm (typically no more than 2 to 3 fold increase) as compared with similar studies
with the manipulation of Put via ODC or ADC, where >10 fold increases are quite
common (Shao et al., 2012 and reference therein). Furthermore, the rise in Spd content in
transgenic plants is often not proportionate to the increase of SPDS transcripts or its
enzyme, which strongly suggests that SPDS may not be the sole/primary rate-limiting
enzyme for Spd production. Our results with inducible overexpression of AtSPDSl,
where up to 10-fold increase of its transcripts was seen, only showed <50% increase in
Spd content; these results further substantiate the complex regulation of Spd and Spm
contents in plants. Although the enzyme activity of SPDS was not measured in this study,
this enzyme is not known to be subject to post-transcriptional/translational regulation.
The alternate possibility is that the regulation of higher PAs is dependent on one or the
other substrate availability; i.e. the activities of SAMDC and ODC/ADC. We tested this
possibility by creating hybrids that had either two or three enzymes together, but did not
get results as expected. Thus, the mechanism for small increases in Spd/Spm on over
expression of SPDS, even though Put is present in large amounts, still has no explanation.
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It is known that cellular content of dcSAM is often low and is also tightly regulated
by SAMDC. Unlike SPDS, the synthesis of SAMDC is under post-transcriptional as well
as post-translational regulation by the PA titer. The mRNA of SAMDC contains two
upstream ORFs in the 5’-UTR region, which function as suppressors for PA-dependent
translation of its mRNA (Franceschetti et al., 2001; Hanfrey et al., 2002, 2003, 2005;
Perez-Leal and Merali, 2012). Additionally, the presence of PEST residues in SAMDCs
has been reported which indicates their rapid turnover (Tian et al., 2004; Hu et al., 2005).
Studies on gene expression pattern as well as transgenic manipulation have shown a weak
or a strong correlation of SAMDC activity/transcript abundance with Spd/Spm titer,
depending on the plant species (reviewed in Shao et al., 2012). Manipulation of SAMDC
has been shown to be a more efficient way to elevate Spd/Spm than SPDS, which
indicates that the substrate dcSAM may be a rate-limiting factor in aminopropyl transfer
reactions (Mehta et al., 2002; Mattoo et al., 2010). On the other hand, the endogenous
level of Put in WT Arabidopsis seedlings is also rather low (Fig. 21) as compared to Spd.
Therefore the possibility that the substrate Put is limited for Spd synthesis in this species
at this stage should not be excluded. In the current study, the mitigation of ODC
limitation also did not yield much increase on Spd/Spm content.
Co-expression of Multiple Polyamine Biosynthetic Genes
To study the feasibility of manipulating higher PAs (Spd and Spm) by over
expressing multiple PA biosynthetic genes, hybrid plants with both inducible AtSPDSl
and either the constitutive mODC or the pfODC-SAMDC genes were created. As with the
inducible AtSPDSl plants, the AtSPDSl X mODC hybrid plants (which had substantially
higher endogenous Put content due to constitutive mODC), did not exhibit significant
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change in Spd and Spm upon induction of AtSPDSl. As discussed above, these results
rule out the possibility that the precursor Put is a major rate-limiting factor for the
production of Spd or Spm in Arabidopsis. However, when assessing the transcripts of
AtSPDSl in this hybrid plants, it was surprising to find that the abundance of total
AtSPDSl transcripts (the sum of the native + transgenic) was decreased when the
transgenic AtSPDSl was induced (Fig. 26). The scenario indicated a down-regulation of
native AtSPDSl transcripts in hybrid plants upon induction. This apparently is not due to
co-suppression of the transgene since AtSPDSl transcripts increased significantly upon
induction in transgenic plants with only the inducible AtSPDSl. Thus the results
presented here and those from Majumdar (2011) and Bhatnagar et al. (2001) show a
rather complex regulation of Spd biosynthesis in different plants because in spite of
a >50-fold increase in Put, little change in either Spd or Spm contents was observed.
On the other hand, it can be envisioned that the co-expression of mODC and
AtSPDSl had transiently elevated the rate of Spd production, which in turn suppressed
the expression of native AtSPDSl as a feedback effect. This would however, require a
tight coordination of events for which no experimental evidence exists at present. On the
other hand, it can also be argued that the turnover rate of Spd might have been
accelerated concomitant with its increased biosynthesis, which would result in low or no
accumulation of Spd. Direct measurement of Spd and Spm catabolism in Arabidopsis
(Chapter III) and in poplar (Bhatnagar, 2002), however, do not lend support for such an
argument since the catabolism of these PAs is much slower than that of Put. Further
studies on the effects of high Spd/Spm on SPDS gene expression as well flux analysis of
Spd and Spm turnover using radioisotopes in hybrid plants would be a potential approach
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to investigate. The promoter: :GUS fusion constructs for the two genes would also be
quite suitable for studying the effects of exogenous Spd on the regulation of GUS
expression. These studies are currently underway in the lab. Besides that, the limited
substrates dcSAM due to the tightly regulated SAMDC activity could also be one of the
constraints to up-regulate Spd titer in the hybrid plants; this is also being investigated.
The lack of increase in Spd or a decrease in Put in the triple gene hybrids (AtSPDSl
X pfODC-SAMDC) shows that the biosynthesis of Spd is perhaps regulated in a more
complex manner than we have envisioned so far. It has been reported that in spite of the
abundance of PEST residues in the C-terminus of pfODC-SAMDC, the protein is more
stable than its mammalian counterpart (Wrenger et al., 2001). However, an interesting
feature of this bifunctional protein is that Put suppresses pJODC activity, effectively
conferring a feedback regulation of Put production whereas />/SAMDC activity is not
regulated by Put (Wrenger et al., 2001; Mtiller et al., 2008). This feedback control on Put
synthesis might explain why the Put level in the hybrid plants was not elevated. However,
in order to have a better understanding of the regulation of Spd synthesis, the enzymatic
activity of ODC and SAMDC in hybrid plants as well as western blots for pfODCSAMDC protein can be used to substantiate the expression level of pfODC-SAMDC at
protein/enzymatic level.
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CHAPTER n i

CATABOLISM OF POLYAMINES IN ARABIDOPSIS

Introduction
Polyamine Homeostasis in Plants
Based upon studies involving genetic manipulation by transgenic expression of ODC
or ADC genes (Bhatnagar et al., 2001, 2002; Nolke et al., 2008; Alet et al., 2011) and in
cases where Put levels increase in response to abiotic stress (Minocha et al. 2000,2010;
Wargo et al., 2002; Prabhavathi and Rajam, 2007; Alet et al., 2011), it has been known
that the cellular levels of Spd and Spm in plants are more tightly regulated than those of
Put. In all these cases, only small changes in Spd and Spm were observed, in spite of
several-fold increases in Put. Also in attempts to genetically manipulate Spd and Spm
levels directly by transgenic expression of either a SAMDC or a SPDS gene; often
changes in cellular content of these two PAs are much smaller than those seen in Put in
analogous studies with ADC or ODC overexpression (Shao et al., 2012 and references
therein). It is also evident from the published literature that the cellular content of Spm is
often very low in plants, leading to speculation that catabolism of Spd, rather than its
conversion into Spm, may be a major means of regulating its cellular content. However,
the information on catabolism of PAs in plants is rather scant. Our lab has provided
leadership in delineating the homeostatic regulation of PA catabolism and my results add
more information in that direction.
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Andersen et al. (1998) were the first to show an up-regulation of Put catabolism
along with its increased conversion rate into Spd and Spm in transgenic carrot cell
cultures expressing the mODC cDNA. In later studies in non-transgenic (NT) and a
transgenic GUS (control line) and a transgenic (2E, a.k.a. HP) cell line of poplar (P. nigra
x maximoviczii), which also expressed the same mODC cDNA, Bhatnagar et al. (2002)
demonstrated that Put loss was proportionately higher in the HP cells, concomitant with
the increased rate of its biosynthesis; still a higher threshold of Put was maintained in the
HP cells. The half-life of Put turnover in the WT as well as the HP cell line was
calculated to be about 8 h. It was further demonstrated that increased catabolism of Put
was not accompanied by concomitant increases in diamine oxidase (DAO) activity, the
enzyme primarily responsible for Put catabolism. This indicates that the presence of this
enzyme in the cells is not a limiting factor for Put catabolism (Bhatnagar et al., 2002). On
the other hand, although the rates of Put conversion into Spd were three-fold higher in the
HP cells, the actual contents of Spd in the transgenic cells were only slightly higher than
the NT cells. It was obvious that the substrate Put was not limiting for Spd production in
the HP cells.
Additional studies with the same cell line showed that there was little or no
competition between the ethylene and PA pathways for the substrate SAM, indicating its
ample supply for the production of dcSAM (Quan et al., 2002). The reasons for a limited
increase in Spd levels in the HP cells could then be either that the enzyme SAMDC
and/or SPDS was limiting or the catabolism of Spd was increased in these cells
concomitant with its increased biosynthesis in a manner similar to what was observed for
Put catabolism but without reaching a higher threshold. Direct measurement of the half100

life of Spd turnover in the same two cell lines showed that overproduction of Put had
little effect on the metabolic turnover of Spd even though more Spd (in absolute amounts)
was being produced in the transgenic cells (Bhatnagar, 2002). The results also showed
that back conversion of Spd into Put as well as Spm into Spd occurred in these cells,
although the rates of back conversion were quite low; i.e. not sufficient to explain the
lack of significant increase in Spd. However, lacking the natural transport system of the
whole plant, the study on the cell cultures did not take into account the effects of
intercellular transport on the homeostatic regulation of PA cellular titers. The possibility
that secretion/excretion of Spd could be responsible for the apparent lack of increase was
not tested. By feeding with 15N-Put, Ohe et al. (2005) found that exogenous Put was
transported into shoots and roots during the germination of soybean and largely converted
into Spd and Spm with the latter being the major product. Kongkiattikajom (2009)
demonstrated that salt stress promoted PA degradation by enhancing DAO activity which
led to lower levels of all major PAs in maize seedlings. In pea seedlings, the total PA
content was elevated by salinity with concomitant increase in the Put catabolic enzyme
DAO as well as enzymes that metabolize PA degradation products: aminoaldehyde
dehydrogenases and peroxidase (Piterkovd et al., 2012).
A transgenic Arabidopsis line overexpressing the same mODC gene, under the
control of an estrogen inducible promoter was created by Majumdar (2011). Upon
induction, the transgenic plants showed dramatically increased production of Put.
Additional supply of Om further elevated the accumulation of Put. This transient increase
of Put production also caused changes in cellular levels of a series of amino acids. The
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results strongly indicated that Om was the limiting substrate for Put biosynthesis in
transgenic Arabidopsis plants expressing the mODC gene.
A part of my study was aimed at analyzing the effects of transient increase of Put
production in Arabidopsis plants expressing mODC on catabolism of the three major PAs.
This study with intact seedlings would complement similar past studies with poplar cell
cultures, and provide a better insight into the regulation of PA catabolism during transient
elevations in their contents.
Results
The Effects of High Putrescine on Polyamine Turnover
The turnover/catabolism of Put in the two types of high Put seedlings (constitutive
and induced) and the WT seedlings was studied in two different ways, with two questions
in mind. These were: Does the production/accumulation of high Put affect the rate of
catabolism of PAs? Is the exogenously provided Put catabolized differently from that
produced within the cells? Twelve-day old seedlings of the mODC-10-1 line (Majumdar,
2011) were induced with estradiol (for 8 h), then treated with [14C]Om or [14C]Put for 4 h
and transferred to label-free medium as described under materials and methods. The
distribution of 14C in different PAs was analyzed at various times after transfer to labelfree medium. Similar experiments were set up for the constitutive HP and WT plants.
Total PAs were also measured in these experiments using the same batch of
seedlings. The Put content in control (uninduced) plants showed a slight increase (<2 fold)
with time during the experimental period of 60 h (Fig. 28a). In the induced plants, at 12 h,
Put content increased up to 3 fold as compared with uninduced control plants (Fig. 28a).
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Figure 28. Cellular contents of PCA soluble PAs (nmol g'1 FW) in 2-week old inducible
mODC-10-1 seedlings at different time intervals after induction (5.0 pM estradiol), and
control (without estradiol). The times of 12,20,36 and 60 h after induction are equivalent
to 0, 8, 24 and 48 h after the removal of radioisotope. An (*) indicates significant
difference between induced and uninduced control (p<0.05, N=4).
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The accumulation of Put continued to 6, 8 and 10 fold of control at 20, 36 and 60 h,
respectively. Spermidine content did not show much difference between the two
treatments whereas a small decline (to ~80%) was found at 60 h for both (Fig. 28b). A
similar trend was also observed for Spm content (Fig. 28c). Additionally, diamine Cad
was found in induced plants, which was not present in control treatment, and its content
increased steadily over time (Fig. 28d). The Cad content in induced plants at different
times was as much as 25 to 30% that of Put, showing the potential insufficiency of Om
for mODC; thus allowing it to react with Lys, the less-favored substrate. These data
combined with the data on labeled PAs were used to calculate the specific activity of Put,
Spd and Spm in the seedlings (Bhatnagar et al., 2002).
To count the radioactivity in individual PAs, dansylated PAs were separated by TLC
r

and their bands were counted separately. An increase in total Put in the induced plants
was detectable by the brighter fluorescent bands in HP cells under UV light especially at
48 and 72 h (Fig. 29). The presence of Cad was also seen in all induced samples.
Turnover o f endoeenouslv produced Putrescine
As shown in Figure 30a, the uptake of [14C]Om in the control, the induced and the
constitutive mODC seedlings was quite similar except for a small reduction in the
induced transgenic seedlings. A decline in radioactivity in the PCA fraction was observed
over time in all three cases. In the toluene fraction, which contains all dansyl-PAs, the
amount of radioactivity was several-fold higher in the two HP lines at all times and the
total radioactivity in this fraction also declined with time. As much as 20-25% of
radioactivity from Om was present in the PA fraction at most times, showing a rapid

utilization of this amino acid in these cells (Fig. 30b). The remainder (about 70%) of
radioactivity still was found in the aqueous fraction (Fig. 30c), which contained soluble
amino acids, including unused [14C]Om. The amount of radioactivity in the constitutive
HP line was somewhat higher than the induced seedlings in the beginning of the
experiment, presumably derived from the higher mODC activity already present in this
line (Fig. 30b); >75% of radioactivity in the toluene fraction was found in Put (Fig. 31a).
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Figure 29. Separation of dansyl-PAs from [14C]Om incorporation experiment on TLC
plates as visualized under UV light. Lanes are: (1) and (3) uninduced 12-day old
seedlings of mODC-10-1 line at 48 and 72 h after transfer of seedlings to label-free
medium; (2) and (4) induced 12-day old seedlings of mODC-10-1 line at 48 and 72 h
after transfer seedlings to label-free medium.
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Figure 30. Amount of radioactivity from [14C]Om present in PCA extract (a), toluene
fraction (b) and aqueous fraction(c) of uninduced (control) and induced (5.0 piM estradiol)
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Figure 31. Changes in the amount of [14C]Put (a), [14C]Spd (b) and [14C]Spm (c) with
time when 2-week old seedlings of mODC-10-1 (uninduced control as well as induced)
and constitutive 2x35S:\mODC-1 -7/2 plants were incubated with [14C]Om for 4 h,
washed with label-free medium, and transferred to fresh label-free medium. The
radioactivity of Put in control line was too low to be analyzed (less than 300 DPM g 1FW)
thus is not shown in the figure. Figure 31a inset: regression curve for the loss of [ C]Put
over the 8 h period in 2x35S:.mODC-1-7/2 and induced mODC-10-1 lines.
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Both lines showed a similar trend of decline in radioactive Put over time with about
50% loss being seen around 8 h after transfer of seedlings to the label-free medium (Fig.
31a); further decline followed a slower pace. The half-life (T1 /2 =loss of 50% radioactivity)
of Put was calculated by doing linear regression (Fig. 31a inset) of the data on loss of
[14C]Put during the first 8 h, which actually takes account of all Put loss including its
conversion into Spd, secretion out of cells as well as its catabolism. The half-life of Put
produced from the [14C]Om in the constitutive and induced lines was determined to be
about 8 h (Fig. 33). However, in this experiment, the loss of [14C]Put was apparently
underestimated because its production by ODC from [,4C]Om remaining in the cells
continued during this period. Therefore the actual T m of Put was most likely <8 h. The
control line had very low radioactivity in Put which did not show a clear trend of changes
(not shown in the Fig). The only radioactivity in the PA fraction in this line would have
come from [14C]Om (via ADC) after its conversion into [14C]Arg. The radioactivity in
Spd and Spm derived from endogenously produced [14C]Put was also higher in the two
HP lines than control but did not show a clear trend of changes with time (Fig. 31b, c).
The specific activity of the respective PAs (e.g. DPM [14C]Put.nmorl total Put) in
the two HP lines was calculated from the DPM and the total amount of the respective PA
in the seedlings at a given time. The results showed that specific radioactivity of Put
declined with time even faster than the loss of [I4C]Put because new non-radioactive Put
was being constantly produced in these lines, and the turnover of Put was rapid (Fig. 32a).
In contrast, Spd and Spm, whose contents did not change much with time, showed an
accumulation of radioactivity and increase in specific activity with time (Fig. 32b, c).
Noticeably, the induced line had substantially higher specific activity than the
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Figure 32. Specific radioactivity of [14C]Put (a), [14C]Spd (b) and [14C]Spm (c) derived
from [14C]Orn in 2-week old seedlings of induced and uninduced (control) mODC-10-1
line and constitutive 2x35S::mODC-1-112 line at different times following transfer of
seedlings to label-free medium.
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Figure 33. Calculated half-life (T 1/2 ) of [14C]Put in 2-week old seedlings of mODC-10-1
line without induction (control) (data from Fig. 35a) and upon induction (data from Fig.
31a and Fig. 35a) as well as 2x35S::mODC-7/l-2 line (data from Fig. 31a). The T 1 /2 was
calculated by using data on the loss of [14C]Put at various time during the first 8 h period.
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constitutive one during the first 4 h, which was perhaps a consequence of relatively low
Put content at the beginning of induction (Fig. 28a).
Turnover o f exoeenouslv supplied putrescine
The turnover of exogenously supplied [14C]Put was studied in the inducible mODC10-1 line in a way similar to that for endogenously produced Put. The objective was to
determine if the endogenously produced Put was catabolized in the same way as that
taken up by the cells from outside, and to reveal if the two pools of Put were readily
intermixed in the cells. In this experiment also, the radioactivity in PCA extract was
higher in the control than the induced HP seedlings (Fig. 34a, but the difference was
relatively small, i.e. <15%). Likewise, the amount of radioactivity in the toluene fraction
remained higher in the control seedlings than the induced ones, but the trend of changes
with time was similar (Fig. 34b). Additionally, the aqueous fraction, which represents PA
catabolic products, contained more radioactivity in HP plants, indicating that more
[14C]Put had been catabolized in the HP plants than the uninduced plants (Fig. 34c). The
radioactivity in aqueous fraction did not change much over time in either case, which
further indicates that the catabolic products of Put were either being quickly utilized by
other connected pathways (e.g. the succinate shunt) or secreted out of the cells instead of
being accumulated. For control plants, aqueous fraction represented about 40% of the
total radioactivity while in induced plants the aqueous fraction contained up to 50% of
the total radioactivity.
Similar to [l4C]Om experiment, a fast decline in the [14C]Put fraction was also
observed for both control and the induced plants with >50% loss in [I4C]Put occurring
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Figure 34. Amount of radioactivity from [14C]Put present in PCA extract (a), toluene
fraction (b) and aqueous fraction (c) of uninduced (control) and 8 h induced mODC-10-1
seedlings incubated with [I4C]Put for 4 h, washed with label free medium and transferred
to label-free medium for different time periods. Data are mean±SE of three replicates. An
(*) indicates significant difference between induced and uninduced control at given time
(p<0.05, N=3).
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by about 8 h (Fig. 35a). The amount of [14C]Put in induced plants was higher than control
plants (~2 folds) but that of [14C]Spd and [14C]Spm was much lower (Fig. 35b, c), which
may be due to less amount of radioactive Put being converted into radioactive Spd and
Spm in the former. This is consistent with the higher endogenous Put content in induced
plants, which in turn results in lower specific activity of Put (Fig. 36a), with the
possibility that amount of Put converted into Spd in both types of plants was comparable
(Table 6). This also explains as to why radioactivity in the Spd and Spm fractions was
higher in control plants (Fig. 35b, c). Specific activities of all three major PAs were
higher in control plants (Fig. 36). While Put specific activity decreased with time, Spd
and Spm did not exhibit much change.
From the data presented here, we were able to estimate the total amount of Put loss
in the seedlings on per g FW basis. While the control plants lost about 20 nmol Put g'1
FW, the induced plants lost >50 nmol of this diamine g'1 FW during the first 2 h (Table
6). Of the total Put loss, about 15 and 20 nmol.g'1 FW was converted into Spd in the
control and the induced plants, respectively, which was quite comparable. On the other
hand, most of Put in the HP plants was lost through its catabolism. The results lead us to
conclude that the production of Spd is apparently independent of the cellular Put content;
a conclusion which is consistent with the repeated observation that in response to growth,
stress or genetic manipulation, the Put contents often vary widely (up to 50 fold in some
cases), independent of the Spd and Spm contents. Up to 8 h, the Put loss in control and
induced (HP) plants was about 45 and 173 nmol g 1 FW, respectively, showing an
average rate of conversion of 10 nmol.g1 FW.li'1 in the control and 2 to 3 times faster
rate in the HP plants (Table 6). This is consistent with earlier reports with poplar cell
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Figure 35. Changes in the amount of [14C]Put (a), [I4C]Spd (b) and [I4C]Spm (c) with
time when 2-week old seedlings of mODC-10-1 (induced and uninduced control) were
incubated with [14C]Put for 4 h, washed with label-free medium, and transferred to labelfree medium. Figure 35a inset: regression curve for the loss of [l4C]Put over the 8 h
period.
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Figure 36. Specific radioactivity of [14C]Put (a), [14C]Spd (b) and [14C]Spm (c) derived
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line at different times following transfer of seedlings to label-free medium.
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Table 6. The amount of total Put lost (nmol g_1FW) during the first 2 and 8 h periods
after transfer of uninduced (-E) and induced (+E) seedlings of mODC-10-1 line to label
free medium following the [14C]Put incorporation and the rate of conversion of Put to
Spd (nmol g'1FW) during the first 2h.

Line (treatment)

Put loss (nmol g 1FW)
2h

Put to Spd conversion (nmol g'1FW)

8h

2h

mODC-10-1 (-E)

20

45

15

mODC-10-1 (+E)

51

173

20

Table 7. The percentage of radioactivity in different PAs accumulated at different time
periods out of the total radioactivity in toluene fraction at corresponding time after the
transfer of uninduced (-E) and induced (+E) mODC-10-1 seedlings to label free medium
after incubation with [14C]Put for 4 h.

Time (h)

Put

Spd

Spm

mODC-10-1

mODC-10-1
(-E)

(+E)

(-E)

0

9.51

42.14

55.74

24

2.94

17.04

48

3.75

18.96
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mODC-10-1
(-E)

(+E)

28.38

5.15

3.24

62.87

43.14

13.08

7.43

63.58

42.15

11.56

9.96

(+E)

cultures where control and HP lines were compared in a similar set of experiments. The
two studies with rather different experimental systems (cell cultures of a woody plant and
whole seedlings of Arabidopsis; the former under conditions of nutrient sufficiency and
the latter supplied with limited carbon) strongly indicate that the rates of Put loss are
more dependent upon Put production rates and/or related to cellular Om than on cellular
Put content (more discussion below).
The percentage of radioactivity in individual PAs out of the total radioactivity at
corresponding times in the toluene fraction is shown in Table 7. At 0 h, >55% and about
28% of the total radioactivity had been incorporated into Spd in the control and the
induced plants, respectively. The radioactivity remaining in Put was 9.51% in the control
and 42.14% for the induced plants. The difference between the two could be explained by
their different Put specific activities. This again suggested that the conversion of Put into
Spd was not proportionate to the content of Put. This conclusion is further supported by
the results of exogenous feeding of Put to the seedlings of the two HP lines.
The half-life of Put calculated following the same process as for [I4C]Om—»Put
conversion using the data from the first the 8h (Fig. 35a) showed that T\a of Put in
control and the induced plants was about 6.33 and 6.22 h, respectively (Fig. 33).
Catabolism of Spermidine
For Spd turnover experiments, following induction with estradiol, the mODC-10-1
seedlings were incubated with [14C]Spd for 4 h and samples were collected at 0 ,4 ,8 ,2 4 ,
48 and 72 h after transfer of plants to label-free medium. The PA fractions were analyzed
by dansylation and TLC separation as for Put. Total radioactivity in the PCA extract (0
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time represents uptake), the toluene fraction (representing all PAs) and the aqueous
fraction (amino acids and charged catabolic products) was similar at most times in the
control and the induced plants (Fig. 37). A clear trend of decline in radioactivity with
time was observed in both the PCA and the toluene fractions while an increase was seen
in the aqueous fraction (Fig. 37c) after 24 h; the latter indicates a steady accumulation of
non-PA catabolic products of Spd. The data show that >70% of the radioactivity in PCA
fraction still remained in the toluene fraction even after 72 h; the rest of it was recovered
in the aqueous fraction. The loss of radioactivity in the PCA extract with time was
perhaps due to leakage and incorporation into insoluble pellet.
Radioactivity present in Spd in the control and the induced plants was similar at all
times, and both showed a decline after transfer of plants to label-free medium with about
50% loss (T 1/2 ) occurring around 50 h (Fig. 38a). Similarly, no difference in [14C]Spm
was observed between the two treatments (Fig. 38b). The radioactivity in Put, on the
other hand did not differ much either between two treatments or with time during the first
24 h. However, differences in the accumulation of [14C]Put were apparent at 8 h; by 24
and 48 h the induced plants had several-fold higher [14C]Put in them (Fig. 38c). The
difference might be explained by relatively lower loss of [14C]Put in the induced plants
since very large amounts of non-radioactive Put were being added to the pool in them.
The results clearly show a significant amount of back-conversion of Spd into Put. Using
the observed radioactivity and the total PA levels in these plants at a given time, I
calculated the specific activity of the three PAs in the two groups of seedlings. It is
obvious from the data in figure 39 that major differences were seen only for Put between
control and HP plants; again perhaps due to lower total PA in the former. Specific
118

O 600000

□ C ontrol
b induced

a
f 500000
b>
S 400000
a.
9 300000

1

§E 200000

i I 1 1 11

S

< 100000
o
a.
o
_ 500000
rI

1

400000

CD

S 300000
a.
Q
200000
c
a>
■i 100000
£
0

^

Ii 1
1
1

100000
s

LL 80000

2 60000
OL
Q
40000
10

3

20000

ri,
-* 1

1

1

8
24
Time (h)

48

72

Figure 37. Amount of radioactivity from [14C]Spd present in PCA extract (a), toluene
fraction (b) and aqueous fraction (c) of uninduced (control) and 8 h induced mODC-10-1
seedlings incubated with [14C]Spd for 4 h, washed with label free medium and transferred
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121

activity of Spd exhibited a relatively slow decrease over time in both control and induced
plants but with little difference between the two (Fig. 39a). Spermine specific activity
showed no significant trend over time or between the two treatments (Fig. 39b).
The calculated total loss of Spd within the first 4 h was 27 nmol g'1 FW in the
induced plants, and almost three-fold of that by 8 h (Table 8). Only a small portion of this
was attributed to its conversion to Spm (4 nmol g'1 FW) and even smaller to back
conversion into Put (less than 1 nmol g"1 FW). While the amount of Spd converted into
Spm was similar in the two groups of plants at 4 h, the amount of Spd converted into Put
were much smaller in the induced plants. It should be pointed out the amount of Spd
back-converted into Put is most likely underestimated due to the fast turn-over of Put
which was discussed in the previous section. In terms of percentage of total PA (toluene
fraction) incorporated into different PAs, 60 to 70% of the total radioactivity was present
in Spd fraction at most times (Table 9). The percentage of radioactivity incorporated in
Spm was within the range of 10-15%.
The half-life of Spd calculated using regression of the data from the first 48 h was
52.25 h for the control and 55.93 h for the induced plants (Fig. 40).
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Control

Induced

Figure 40. Calculated half-life (T 1/2 ) of [14C]Spd in 2-week old uninduced control and
induced seedlings of mODC-10-1 line (data from Fig. 38a). The
was calculated by
using data on the loss of [,4C]Spd at various time during the first 48 h period.
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Table 8. The amount of total Spd lost (nmol g'1 FW) during the first 4 and 8 h and the rate
of conversion of Spd to Spm and Spd to Put (nmol g"1 FW) during the first 4 h period after
transfer of uninduced (-E) and induced (+E) seedlings of mODC-10-1 line to label free
medium following the [14C]Spd incorporation. The Spd loss at 4 h in uninduced seedlings
(-E) was unable to calculate due to the slight increase of DPM in Spd (Fig. 38a).

Line (treatment)

Spd loss
(nmol g*FW)
4h

Spd to Spm conversion
Spd to Put conversion
(nmol g‘l FW)

8h

4h

4h

mODC-10-1 (-E)

NC

76

5

2

mODC-10-1 (+E)

27

71

4

<1

Table 9. The percentage of radioactivity in different PAs accumulated at different time
periods out of the total radioactivity in toluene fraction at corresponding time after the
transfer of uninduced (-E) and induced (+E) mODC-10-1 seedlings to label free medium
after incubated with [14C]Spd for 4 h.

Spd

Spm

mODC-10-1
(-E)
(+E)

mODC 10-1
(-E)
(+E)

mODC 10-1
(+E)
(-E)

0

2.81

3.20

71.75

74.31

11.56

9.91

24

3.41

5.03

69.14

71.26

13.17

13.60

48

4.12

7.30

62.61

61.30

14.48

12.34

72

3.76

16.55

62.44

47.10

12.73

11.76

Time (h)

Put
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Catabolism of Spermine
The turnover of Spm, studied by feeding the plants with [14C]Spm, followed a trend
very similar to that of Spd. The radioactivity in PCA, toluene and aqueous fractions
showed similar amounts in the induced and the control plants; the first two decreasing
with time and the aqueous fraction showing an increase with time (Fig. 41). The aqueous
fraction contained a small portion (5~20%) of the total radioactivity (Fig. 41c).
Control and induced plants showed very similar trends of changes in radioactivity
with time in the Spm fraction with approximately 50% loss occurring around 24 h after
transfer to label-free medium (Fig. 42a). The [14C]Spd content was slightly higher in
control than the induced plants, and both increased up to 24 h and then declined (Fig.
42b). The amount of radioactivity in Put (Fig. 42c), which was always <20% of that in
Spd, showed major increase at 48 and 72 h in the induced plants. The changes in specific
activity of [14C]Spm and [14C]Put in both groups of plants showed similar trends, but
several fold lower numbers in the induced plants for Put (Fig. 43a, c). Spermidine
specific activity in both cases increased until 48 h and decreased thereafter (Fig. 43b).
The calculated half-life of Spm in the two groups of plants was about 13-15 h (Fig. 44).
The total loss of Spm during the first 8 h in the control vs. the induced plants was
quite comparable, and almost all of it seemed to go towards Spd (Table 10). However, a
small amount of [14C]Spm did appear in Put as well, reconfirming the conversion of Spd
into Put. Consistent with these data, the percentage distribution of Spd and Spm in the
toluene fraction was comparable in the two groups of plants; [14C]Put being greater in the
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induced vs. the control plants (Table 11). More than half of the [14C]Spm had been backconverted into [,4C]Spd.
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induced seedlings of mODC-10-1 line (data from Fig. 42a). The T 1 /2 was calculated by
using data on the loss of [14C]Spm at various time during the first 8 h period.
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Table 10. The amount of total Spm lost (nmol g '‘FW) and the rate of conversion of Spm
to Spd (nmol g_1FW) during the first 4 and 8 h period after transfer of uninduced (-E) and
induced (+E) seedlings of mODC-10-1 line to label free medium following the [14C]Spm
incorporation.
Line (treatment)

Spm loss
(nmol g^FW)

Spm to Spd conversion
(nmol g'FW )

4h

8h

4h

8h

mODC-10-l (-E)

15

18

19

27

mODC-10-1 (+E)

12

17

13

18

Table 11. The percentage of radioactivity in different PAs accumulated at different time
periods out of the total radioactivity in toluene fraction at corresponding time after the
transfer of uninduced (-E) and induced (+E) mODC-10-1 seedlings to label free medium
after incubated with [14C]Spm for 4 h.

Time (h)

Put

Spd

Spm

mOZXMO-l

mODC-10-l

(-E)

(+E)

(-E)

0

3.12

3.11

16.15

13.46

64.79

59.72

24

2.97

3.67

48.57

41.48

36.18

42.71

48

4.16

7.80

52.95

42.95

32.18

37.70

72

3.48

14.76

48.82

35.31

26.56

28.51
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(+E)

mODC-10-l
(-E)

(+E)

Discussion
The Effect of Endogenous Polyamines on the Uptake of Ornithine and Polyamines
The uptake (transport) of PAs is believed to be mediated through specific PA
transporters in E. coli and yeast (Igarashi and Kashiwagi, 2010a, 2011; Muangi et al.,
2012a, b). However the mechanism of PA transport in other eukaryotes has not been well
characterized. In mammalian cells, where the existence of PA transporters is still debated,
uptake was induced by low cellular PA content (Igarashi and Kashiwagi, 2010a), which
indicated that the endogenous PA levels had a feedback effect on their uptake. More
recently, Mulangi et al. (2012b) have identified a Spd-preferential transporter in rice.
Heterologous expression of this protein in yeast coupled with exogenous feeding of PAs
showed that higher cytoplasmic Spd content down-regulated the activity of this
transporter. The authors speculated that the feedback regulation was attributed to a
conformational change in the transporter upon binding to Spd. The results presented here
however suggest that endogenous pool of PAs has only a minor effect on the uptake of
[14C]Put, and its substrate Om (Fig. 30a, Fig. 34a). Likewise, the uptake of [14C]Spd and
[14C]Spm was not affected significantly by the endogenous Put content (Fig. 37a, Fig.
41a).
Taking into account that the Spd and Spm titers in the cells as well as Arg (and also
its conversion into Put; Majumdar, 2011) in the HP were not affected by excess Put
production from Om (Fig. 28b, c), one might conclude that the transport of different PAs
in Arabidopsis is independent of the cellular concentration of each other. In an earlier
study we found that in poplar cells also, the uptake of [14C]Put in HP and control cell
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lines was quite similar (Bhatnagar et al., 2002); however the uptake of [14C]Spd and
[14C]Spm was negatively affected by higher Put in the HP cells (Bhatnagar, 2002). This
difference may be either due to different sensitivities of the PA transporters to
endogenous PAs in the two species or due to difference in the behavior of intact seedlings
and cell culture systems used in the two studies. Studies on the uptake of PAs in other
plants have shown different kinetics of uptake, indicating diverse PA transport
mechanisms in different species (Kakkar et al., 1997; Theiss et al., 2004; Ohe et al., 2005;
Mulangi et al., 2012a, b).
The minor difference in Om uptake between the induced and the constitutive lines
may indicate the homeostatic adjustment of the latter to the continued production of Om
in response to its increased utilization; thus having no negative effect of endogenous Put
on its uptake. These results were in contrast to the study in poplar cell cultures, which
showed more than double the amount of [14C]Om uptake in constitutive HP cells than the
control cells (Bhatnagar et al., 2002).
Overall it appears that the uptake of PAs and their precursor (Om) is mediated by
complicated transport mechanism(s), which might differ among species. Based on the
current results, it seems that higher endogenous PA content often has a feedback
regulation on uptake/transport of a certain or several PA(s). However, since neither the
biochemical properties nor the specificity of PA transporters and their role in uptake of
exogenous PAs/precursors vs. transport from one tissue/organ to the other is known, the
kinetics of PA movement into and out of plants cells remain controversial.
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Regulation of Putrescine Turnover
The PA titers in different plant tissues and organs during their life cycle depend on
their biosynthesis, transport, degradation and conjugation. Besides free molecules, PAs
also occur in conjugated forms in plant cells by reacting with small molecules like
phenolic acids or macromolecules such as proteins (Bagni and Tassoni, 2001; Walters,
2003; Bassard et al., 2010). The phenolic-conjugated PAs (known as phenolamides or
hydroxycinnamic acids amides) play roles in a variety of plant development and defense
processes; e.g. floral initiation, pollen development, cell wall cross-linking, defense
against microbes and insects, and adaption to abiotic stresses (Walters, 2003; Bassard et
al., 2010; Fellenberg et al., 2012). The protein conjugated PAs are presumably involved
in complex biological functions such as photosynthesis (conjugated into thylakoid),
elongation of pollen tube and organization of cytoskeletal proteins (Bagni and Tassoni,
2001). The distribution of free and conjugated PAs vary among different plants. In
tobacco, the majority (up to 90%) of PAs may be present in the conjugated form (Bangi
and Tassoni, 2001; Paschalidis and Roubelakis-Angelakis, 2005), while in poplar,
Bhatnagar et al. (2002) found no evidence for their biosynthesis from exogenous Om or
Put. In Arabidopsis, it has been shown that free PAs are the dominant constituents of PA
pool throughout life cycle except in flowers and seeds where conjugated PAs (preferably
Spd) constitute about 30% and 60% of total PA titers, respectively (Tassoni et al., 2000,
2008; Bagni et al., 2006; Imai et al., 2004a, b).
I studied the turnover of Put in Arabidopsis seedlings for both the endogenously
produced Put as well as the exogenously supplied Put. This study being only short term,
did not involve the analysis of conjugated PAs which are present in minor quantity in
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seedlings anyway. The study was designed to indirectly probe if there was a mixing of
different Put pools in the cells. Both experimental approaches showed consistent results
in that the turnover of Put was quite rapid in Arabidopsis seedlings with a calculated halflife of ~6 to 8 h (Fig. 33). Moreover, the initial half-life of Put was rather similar in the
HP and the control plants even though the total (amount of) Put lost in the HP plants was
3 to 4 times greater than that in the control plants (Table 6). These results are consistent
with the study of Bhatnagar et al. (2002) in poplar cells. While the results indicate the
loss of Put being proportionate to its rate of production, that does not seem to be the case
for its conversion into Spd (Table 6), suggesting that the production of Spd is
independent of the abundance of its substrate Put. Regarding the different pathways for
Put loss, whereas the control plants had its conversion into Spd as the main pathway, in
the HP plants larger amounts of Put were degraded through catabolism (Table 6).
Based on our results, it can be inferred that the catabolic system in WT Arabidopsis
is working significantly below its capacity to handle Put; thus more Put is quickly
degraded depending upon its rate of biosynthesis and/or its cellular content. However, it
is not presently clear if the catabolic mechanism(s) are activated by higher Put titer in
cells or possibly by a reduction in Om titers. Majumdar (2011) has proposed a major role
for Om suggesting that its titers are closely monitored, and it plays a critical role in
governing Put biosynthesis and degradation as well as the metabolism of several amino
acids related to PA metabolism.
It is known that Put is oxidized by DAO as the first step of catabolism. In poplar cell
suspension cultures, increased Put catabolism neither caused a concomitant induction of
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DAO gene expression nor its enzyme activity indicating this enzyme was not a rate
limiting factor (Bhatnagar et al., 2002; Page et al. 2007, 2012). In other words, the
catabolism of Put was regulated largely by its own cellular content, without altering
either gene expression or enzyme activity of DAO. In Arabidopsis, eight putative DAO
genes have been identified whose expression was found to be weak in most tissues
(including the seedlings), and possibly triggered by various abiotic stresses (Shelp et al.,
2012). It can be argued that the induction of DAO under stress (high Put) may follow a
similar mechanism as its up-regulation by the transgenic approach; i.e. both involve
analogous signaling pathways. It can further be argued that it may happen through Om,
as suggested by Majumdar. Currently there is no direct experimental evidence to indicate
this. According to Shelp (2012), since the stress responses are generally accompanied by
changes in the cellular redox balance, it may also play a role in regulating the DAO
activity. Similar results have been reported in olive and developing barley grain where
increased DAO activity corresponded to higher Put or Cad content (Asthir et al., 2002;
Gomez-Jimenez et al., 2010). In soybean hypocotyls, the DAO (Cu amine oxidase)
activity was elevated concomitant with the increase of its substrate Cad on exposure to
salinity (Campestre et al., 2011). Quinet et al. (2010) demonstrated an increase in DAO
and PAO activities in response to salt stress as well as exogenous supply of Put; they
further suggested that it was transcriptionally regulated. Neither the activity of DAO nor
the expression of various DAO genes in the WT, constitutive or induced mODCtransgenic Arabidopsis lines has been studied so far.
In [14C]Om-feeding experiments, with the endogenously produced Put being traced,
the constitutive and induced HP plants behaved similarly in terms of Put degradation.
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Only at 2 h after the [14C]Om incubation, a small increase in [14C]Put produced from
[14C]Om was detected in induced plants (Fig. 31a). This suggested that the Put titer in
constitutive plants had gone through homeostatic adjustment and reached a steady state
level of Om (Bhatnagar et al., 2002). On the other hand, the steady-state equilibrium
between the biosynthesis and catabolism of Put in induced plants had not been
established during early period of induction due to the continuously increasing mODC
activity; i.e. Om utilization. We believe that this short-term induction of Put by estradiol
should mimic what happens in nature when plants respond to developmental and/or
environmental changes much better than the constitutive manipulations. A temporal lag
of catabolic activation following the induction of its biosynthesis would explain the
increase of [14C]Put at the beginning of the experiment; which would then trigger DAO
activity. There is no indication from the present study as to which DAO gene(s) is/are
being activated in the HP cells. This can be studied by either using hybrid plants which
have various AtDAOv.GUS promoter fusion constructs co-existing with the inducible
mODC gene and/or by QRT-PCR for the various members of the DAO gene family.
In plants, Om and Arg can be inter-converted through the activity of multiple
enzymes (Fig. 1). Taking into account the rather low Put content in control plants, which
lack the ODC pathway, and produce it only via the ADC pathway, one might infer that
Om—*Arg conversion occurs at a very low rate in Arabidopsis seedlings. Likewise, the
lack of increase in Put on feeding induced plants with exogenous Arg (Majumdar, 2011)
shows that there is minimal, if any, Arg conversion into Om, as it happens in animals.

The Terminal Catabolism and Back-conversion of Higher Polyamines
The cellular titers of Spd and Spm are regulated by more complicated catabolic
machinery than that of Put (Fig. 2). It is well known that in mammals, Spm and Spd are
easily back-converted into lower PAs via the Spd/Spm N1-acetyltransferase (SSAT)
pathway. The intermediates acetyl-Spd and diacetyl-Spm can be eventually converted
into acetyl-Put by N1-acetylpolyamine oxidase (APAO) (Casero and Pegg, 2009). The
expression of APAO is constitutive. The enzyme SSAT, whose activity is induced by
increasing PAs as well as various stimuli associated with pathological and physiological
conditions, is the rate-limiting enzyme to regulate back-conversion. Additionally, Spm
oxidase (SMO), which prefers non-acetyl-Spm vs. acetyl-Spm as the substrate, also
catalyzes the back-conversion of Spm to Spd in animals (Cervelli et al., 2012). This
highly inducible enzyme is apparently involved in drug response (antitumor PA analogs,
etc.), apoptosis, response to stressful stimuli and several pathological conditions,
including cancer.
Unlike animals, plants do not have the SSAT pathway but possess terminal catabolic
PAOs, which are apparently absent in animals (Cona et al., 2006; Casero and Pegg, 2009;
Tavladoraki et al., 2012). In plants, Spm is broken down into 1 ,3-diaminopropane and N(3-aminopropyl)-4-aminobutanal, and Spd into 13-diaminopropane and 4-aminobutanal
with the concomitant production of H2 O2 . Such PAOs have been well characterized in
monocots, particularly in maize and barley (Cervelli et al., 2001,2006; Sebela et al., 2001;
Cona et al., 2006). The byproduct H2 O2 is used in developmental cell wall maturation and
lignification, and wound-healing and cell wall reinforcement responsive to pathogenic
stress (Cona et al., 2006). The product 4-aminobutanal is further metabolized to GABA,
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which plays critical roles in numerous physiological processes: e.g. carbon fluxes into
TCA cycle, cell signaling, and protective role against oxidative stress (Cona et al. 2006;
Angelini et al., 2010; Shelp et al., 2012). As the precursor of f)-alanine and uncommon
PAs, 13-diaminopropane is also associated with stress tolerance (Cona et al., 2006).
In the past decade, several studies have reported the occurrence of back-conversion
pathways of higher PAs into lower ones in plants, catalyzed presumably by PAOs, which
bridged the gap between plant and mammalian PA catabolism (Moschou et al., 2008a, b;
Tavladoraki et al., 2012). Plant PAOs catalyzing similar reactions as the mammalian
SMO have substrate specificity to non-acetyl PAs. Duhaz6 et al. (2002) reported that in
addition to terminal catabolism, back-conversion into Put was also a pathway for Spd
degradation in the roots of Limonium tataricum. In rice, OsPA03, OsPA04 and OsPA05,
which have the same subcellular localization (peroxisomes) as the mammalian PAOs,
were shown to catalyze back-conversion reactions (Ono et al., 2012). Particularly,
OsPA03 was found to have PA back-conversion activity with highest substrate affinity to
Spd, followed by tSpd and Spm. The OsPA04 and OsPA05, on the other hand, showed
substrate specificity to both Spm and tSpm, and were able to convert them into Spd. This
study was performed in vitro using the corresponding recombinant OsPAOs treated with
individual PAs as substrates and the reaction products were analyzed by HPLC.
In contrast to monocots, where the PAOs are deemed to be present in the cell wall
(Kaur-Sawhney et al., 1981; Sebela et al., 2001), the Arabidopsis AtPAOl and AtPA05
have been predicted to have cytosolic localization based on the bioinformatics analysis
(Tavladoraki et al., 2006; Fincato et al., 2011). AtPAOl was demonstrated to convert
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Spm and nor-Spm into Spd and nor-Spd respectively, in vitro (Tavladoraki et al., 2006).
More recently, Takahashi et al. (2010) demonstrated that it prefers tSpm and nor-Spm
over Spm as substrates. The second group of PAOs in Arabidopsis with a peroxisomal
localization includes AtPA02, AtPA03 and AtPA04; the former two were shown to
have a similar catalytic activity to sequentially convert Spm into Spd and Spd into Put but
with preference for Spd in vitro (Moschou et al., 2008b; Takahashi et al., 2010). The
back-conversion of tSpm into Spd was observed for AtPA02 (Takahashi et al., 2010);
and AtPACM was shown to convert Spm into Spd but not further into Put (KamadaNobusada et al., 2008; Fincato et al., 2011). In vivo study also indicated the backconversion pathway in Arabidopsis protoplasts and whole plants as well as tobacco
protoplasts (Fincato et al., 2011). Organ and tissue specific expression revealed distinct
expression patterns of these genes indicating their diverse functions in different
developmental and physiological processes (Takahashi et al., 2010; Fincato et al., 2012).
Regulation of Spermidine and Spermine Turnover
In spite of the above discussion, few studies have established the underlying
mechanism for regulation of PA catabolism in plants (including the enzyme kinetics),
whereas the topic has attracted a great deal of attention in animals, especially mammals.
Even less is known about the responses of plant PAOs to genetic manipulation of the PA
pathway. Recent characterization of plant PAOs, which catalyze the back-conversion of
PAs in a way parallel to that in animals, has indicated the biological mechanisms by
which Spd and Spm contents are regulated in plants (Moschou et al., 2008a; Tavladoraki
et al., 2012). The cellular Spd content is an outcome of its biosynthesis from Put, backconversion from Spm, and its conversion and back-conversion into Spm and Put,
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respectively, as well as its terminal catabolism (Fig. 2a). One should of course also be
aware of its transport to other tissues and organs in whole plants and its excretion into the
medium in cell cultures. Therefore, the contribution of individual sub-pathways to the
overall Spd titer is challenging to elucidate by simply looking at the cellular PA contents.
The radioisotope feeding experiments reported here reveal that the T 1 /2 of Spd was
around SO h in both control (uninduced) and the HP Arabidopsis seedlings, which took
into account all aspects of turnover mentioned above. The total Spd loss did not differ
between the uninduced and the HP plants during the first 8 h (Table 8) of transfer from
[14C]Spd to radioisotope-ffee medium, which is in agreement with the finding that the
production of Spd from Put was not affected much by the endogenous Put. Both in the
induced and the uninduced plants, only a small proportion of total Spd loss was from its
conversion into Spm (~13%) or Put (<5%) during the first 4 h (Table 8). The results are
consistent with previous work in poplar cells (Bhatnagar, 2002) leading to the suggestion
that Spd loss in plants in general may be largely due to its terminal catabolism.
Following a similar logic for Spm loss due to various sub-pathways, in Arabidopsis
seedlings, my calculations show the half-life of Spm to be about 13-14 h, which is much
shorter than Spd but longer than Put. The total Spm loss (g'1 FW) in the first 4 and 8 h
was comparable in the control and the HP (induced) plants, although the conversion of
Spm into Spd was about 50% higher in the uninduced plants (Table 10). This indicates
that for Spm turnover, back-conversion might be the major route, which is in line with
the finding that Spm-to-Put back-conversion involves an effective recycling loop under
drought stress in Arabidopsis (Alc&zar et al., 2011). Note that, as seen with [14C]Spd
feeding, less than 4% of radioactivity appeared in the Put fraction at 24 h. Notably, the
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back-conversion of Spm into Spd seemed to occur at a relatively higher rate in control
plants (Table 10), which may explain as to why no [14C]Spd loss was seen during the first
4 h after [14C]Spd incubation in control plants.
As described above, in Arabidopsis, four of the five PAO genes (AtPAOl-AtPA04)
have been suggested to favor the back-conversion reaction (Fincato et al., 2011). The
only evidence suggesting the terminal catabolic activity in this species was the production
of small amount of 13-diaminopropane parallel to the major product of nor-Spd from the
oxidation of nor-Spm by AtPAOl (Tavladoraki et al., 2006). As mentioned earlier,
several authors have argued that in Arabidopsis Spm may not even be essential, since the
mutants of AtSPMS could live normally, as long as some tSpm was produced by AtACLS
(Imai et al., 2004a; Rambla et al., 2010). These arguments then leave AtPA05, whose
catalytic properties have not been elucidated, as a potential candidate for the terminal
metabolic enzyme. However, AtPA05 showed a very different gene organization from
ZmPAO, which catalyzes the terminal catabolism of PAs in maize (Fincato et al., 2011).
Our results suggest that the terminal catabolism of Spd and the back-conversion for Spm,
respectively, are the major pathways for catabolism of higher PAs. This argument is
consistent with the study of Fincato et al. (2011), who showed that feeding of [14C]Spd in
Arabidopsis protoplasts resulted in the accumulation of both [14C]Put and the terminal
catabolic product [14C]4-aminobutanal. The accumulation was inhibited by guazatine (a
PAO inhibitor) but not by DAO inhibitor 2-bromoethylamine. On the other hand, when
[14C]Spm was used, only [14C]Spd accumulated and no Spm terminal catabolic product
was detected. Although, the authors did not interpret this result in detail, taken together
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with our findings, one might postulate the existence of un-identified PA oxidase(s) which
mainly catalyzes the terminal metabolism of Spd in Arabidopsis.
In summary, the present study, while corroborating earlier reports, provides new and
unique insights into the metabolism of higher PAs in Arabidopsis.
•

a) It reveals that Put turns over much faster than either Spd or Spm in that its halflife is 6-8 h vs. twice as much for Spm and about 4-5 times more for Spd.
b) The results further verify the existence of an in vivo back-conversion pathway for
both Spd and Spm into lower PAs.
c) For the first time, we provide direct evidence for the hypothesis that Spm is
mainly converted back to Spd and not terminally degraded. On the other hand,
Spd is removed from the cells through terminal catabolism, conversion into Spm
and back-conversion into Put, the first one being predominant.
d) A feedback regulation of the back-conversion pathway (Spm to Spd and Spd to
Put) has been indicated in this study.
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CHAPTER IV

PRODUCTION OF B-GLUCURONIDASE (GUS) PROTEIN WITH RAPID
TURNOVER

Introduction
Intracellular Protein Degradation
In eukaryotic cells, in addition to direct proteolysis by soluble proteases, selective
degradation of proteins is carried out by proteasomes, which are high molecular mass
complexes; e.g. the 26S proteasome commonly found in most eukaryotes (Kurepa and
Smalle, 2008). The degradation by 26S proteasome often requires addition of ubiquitin
(Ub) or some other modification of the target protein (Starkova et al., 2000). The Ub
pathway involves El Ub-activating enzymes, E2-conjugating enzymes and E3 Ub
ligases. Apparently, the E3 Ub ligases recognize and bind to the substrate protein by
recognizing specific degradation signal sequences, thus conferring specificity of
degradation (Fig. 45).
There are certain signal amino acid sequences, which are recognized and aid in
targeting the protein for degradation. Among them is a phenomenon called the ‘N-end
rule’. According to this rule, proteins with certain amino acid residues like Met, Ser, Ala,
Thr, Val, Gly, and Cys at the N-terminus are more stable, whereas those with amino acids
like lie, Glu, Tyr, Gin, His, Phe, Leu, Asp, Lys, Arg, Asn and Trp are less stable
(Bachmair et al., 1986; Graciet et al., 2010). The ‘N-end rule’ destabilizing residues are
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hierarchically classified into three categories: primary destabilizing residues are
recognized and bound by E3 Ub ligases, secondary destabilizing residues have to be
modified before they are targeted. In mammals and plants, secondary destabilizing
residues like Asp, Glu and oxidized Cys are arginylated, and then Arg becomes a primary
residue at the N-terminus (Saha and Kashina, 2011). The tertiary destabilizing residues
are first modified into secondary stabilizing residues and then arginylated. However, a
destabilizing residue is not the only requirement for functional N-end rule pathway. An
internal Lys residue in spatial location to N-terminus for Ub-conjugation and a flexible
region near the residue are also needed (Graciet et al., 2010).
Besides the N-terminal rule, so called PEST sequences (sequences enriched with Pro,
Glu, Ser and Thr), regulate rapid protein degradation (Rogers et al., 1986; Belizario et al.,
2008). These sequences may be present at either the C or the N terminus or within the
protein. The mechanism of recognition of PEST signals is not well characterized but is
believed to utilize the Ub-proteasome pathway. In some cases, phosphorylation of PEST
residues occurs before the substrates are targeted by E3-Ub ligases. Besides Ub,
degradation of proteins with PEST signals can also occur through other pathways, some
of which are quite complex (Starkova et al., 2000; Jariel-Encontre et al., 2008). For
example, degradation of the mammalian ODC which has a string of about 39 (PEST)
residues at its C-terminus is mediated by another protein called antizyme. Antizyme is
believed to bind to ODC monomer to change its structure and result in exposure of the
PEST signal to 26S proteasome (Starkova et al., 2000; Kahana et al., 2005; JarielEncontre et al., 2008). Inhibition of antizyme activity subsequently leads to increased
intracellular levels of ODC protein and enzymatic activity. An antizyme with N-terminus
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deletion failed to promote the degradation of ODC by proteasome in vitro as well as in
hepatoma tissue culture (HTC) cells which suggests that the N-terminal half of the
antizyme is required for acceleration of protein degradation (Li and Coffino, 1994; Li et
a l, 1996; Coffino, 2001; Kim et al., 2006).

Figure 45. Protein degradation through the ubiquitin pathway. Ubiquitin modification is
an ATP-dependent process. A Ub activating enzyme (El) bonds with Ub protein, which
then is transferred to a Ub conjugating enzyme (E2). An isopeptide bond is formed
between the C-terminus of Ub and a Lys residue on the substrate protein with the help of
one or several Ub ligase (E3). Multiple ubiquitination cycles resulting in a poly-Ub chain
are required for targeting a protein to the proteasome for degradation. The multisubunit
26S proteasome recognizes, unfolds and degrades polyubiquitinated substrates into small
peptides. Ubiquitin is removed from proteins and recycled for further rounds of
ubiquitination.
(http://www .cellsignal .com/reference/pathway/Ubiquitin_Proteasome .html).
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Destabilizing PEST Sequence in ODCs
The presence of PEST sequences has been found in numerous proteins with rapid
turnover rates. The sequences and lengths of PEST residues vary a lot but have been
defined as hydrophilic sequence greater than or equal to 12 residues which contain at
least one P, one E/D and one S/T. Their secondary structures are not conserved
(Rechsteiner and Roger, 1996; Belizario et al., 2008; Zhuang et al., 2012). The
distribution of PEST sequences in a protein can vary greatly but most often they are
found as the N or C-terminal extensions. Mutations in certain PEST residues in some of
the rapidly degraded proteins increased their half-life much more dramatically than other
residues (Rechsteiner and Roger, 1996; Belizario et al., 2008). Single mutation of Thr105
or Pro106 in the PEST region of GCN4 protein for example, inhibited the rapid
degradation of this protein more efficiently than mutantion of the other PEST residues
(Komitzer et al., 1994).
A 39 amino acid PEST sequence (Fig. 46b) is found at the C-terminus of mouse
ODC (mODC), but is absent in the ODC of some other species (Phillips et al., 1987).
This sequence was shown to be responsible for a rather short half-life of 15-20 min of
this protein. Deletion of this sequence made it a stable protein in both COS (African
Green monkey kidney) cells and in vitro reticulocyte-lysate-based degradation system
without affecting its enzyme activity (Ghoda et al., 1989; Rosenberg-Hasson et al., 1991;
Lu et al., 1991). It was also seen that a mutation Cys441—*Try in the PEST region,
occurring naturally in HMOa cells, largely stabilized ODC as compared to the parental
line HTC cells. The same mutation also led to slower degradation of ODC in Chinese
hamster ovary (CHO) cells and in vitro reticulocyte-lysate degradation system (Miyazaki
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et al., 1993). Unlike mammalian ODCs, ODCs from various parasites such as
Trypanosoma brucei and Leishmania donovani, lack the C-terminal PEST sequence and
are quite stable (Persson et al., 2003). Fusion of this PEST sequence from mODC to the
C-terminus of T. brucei ODC resulted in rapid degradation of the fusion protein in CHO
cells (Ghoda et al., 1990).
Noticeably, the expression of mODC in T. brucei resulted in a longer half-life of
mODC, which might be explained by the absence of mammalian protein degradation
machinery for ODC in T. brucei (Bass et al., 1992). However, another study (DeScenzo
and Minocha, 1993) revealed that the PEST region of mODC also controls its activity
(presumably through turnover) under transgenic expression conditions in plants.
Transgenic tobacco plants expressing m ODC without the PEST sequence showed higher
mODC protein abundance, enzyme activity and cellular Put (enzymatic product) than
those with native mODC. This result indicated that plants might possess a similar
proteolytic system as mammalian cells, which is responsible for degradation of the
heterologous mODC with PEST region. Since then, our lab has used a (PEST)-truncated
mODC in poplar and Arabidopsis to significantly increase Put production in these
systems (see chapter III of this thesis and references therein).
Several studies have reported that the mODC PEST sequence can be used as a
transportable proteolytic signal even for heterologous proteins. Loetscher et al. (1991)
demonstrated that dihydrofolate reductase (DHFR) with N or C-terminal extension with
mODC PEST region was degraded (in vitro) as much as 40-fold faster than the native
DHFR or the one bearing equal length of non-PEST extension. The extension, however,
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did not affect the enzyme activity thus showing non-interference with protein folding.
Fusion of mODC PEST sequence at the C-terminal end of GFP resulted in an unstable
protein with decreased half-life of about 2-6 h vs. 26 h (of the native protein) in
mammalian cells (Li et al., 1998; Kitsera et al., 2007). Mutations in different single PEST
residues were shown to influence the turnover rate of the fusion GFP protein differently
suggesting that different residues contribute to protein instability in varying ways.
Following the same logic, I studied the feasibility of making a GUS protein with a shorter
half-life by attaching the mODC PEST sequence to the bacterial GUS protein.
Approaches to Study the Turnover (half-life) of Proteins
There are several experimental approaches that have been used to study the turnover
rates (i.e. ti/2 ) of proteins within a cell, such as western blot, ELISA (Enzyme-Linked
Immunosorbent Assay), enzymatic assay and the so-called “pulse-chase” approach.
Western blot is a widely used technique, which shows the disappearance of a peptide
whose presence is detectable by specific antibodies. This approach usually can be
combined with the fusion of a tag for which a commercial antibody is available. The
method detects the presence of total protein (with the tag) regardless of the secondary
structure of the protein. ELISA allows quantitative analysis of protein turnover rates
using a chemiluminescent or florescent tag, which can be quantified; this technique also
requires a protein-specific antibody for detection. Proteins possessing enzymatic
activities can be assayed, thus actually measuring the functional protein, and not the
presence of an inactive (or partially degraded) protein or peptide. Additionally, the
“pulse-chase” approach, which incorporates radioisotope into a target protein (e.g.
[35S]Met or [35S]Cys), is a reliable but cumbersome way to study protein decay by
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measuring the decay of radioactivity (Belle et al., 2006) in combination with one of the
above approaches. Moreover, L6vy et al. (1996) developed an ubiquitin protein reference
(UPR) system in which the test protein is translationally fused to a stable reference
protein separated by a Ub monomer. Such fusions are rapidly cleaved by Ub-dependent
proteolytic process, producing equal-molar amounts of the target and the reference
protein. I used quantitative enzyme GUS assay to measure its degradation. I used the
fluorescent MUG assay to measure the activity of GUS at various times after induction
and the inhibition of the transgenic GUS production by CHX.
Results
Generation of PEST/GUS Fusion Constructs
To produce a GUS protein with shorter half-life, coding sequence for the 45 amino
acid C-terminal residues from mODC was fused with the GUS coding sequence at the N
(N-l) or the C (C-l) terminus, separately (Fig. 46a). In addition to that, two truncated
PEST sequences were fused with the GUS protein at either the N or the C terminus (N-2,
N-3, C-2 and C-3; Fig. 46a). A construct of GUS with double PEST sequence fused at
both N and C termini (N-l/C-1) was also prepared (Fig. 46a).
To generate a recombinant GUS-PEST sequence, a method called splicing by overlap
extension (SOE) PCR was performed (Warrens et al., 1997; Reddy et al., 2012). The
GUS and PEST sequences were PCR amplified by using specific primers (Table 2 and 3)
individually with the pMDC163 vector for the former and pCW122+mODC (Bhatnagar,
2002) for the latter as templates (Fig. 47a, Fig. 48a). To avoid ORF frame-shift after
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a
C-terminal fusion

N-1

GUS

N-2

GUS

■

2/3 PEST

GUS

g

1/3 PEST

N-3

I

PEST

N-terminal fusion

C-t

P E S T ^ H ____________ GUS

C-2

2/3 PEST H ____________ GUS

C-3

1/3 PEST B

GUS
GUS

PEST

b
C-terminal PEST sequence of mODC (NM_013614.2)
MKQIQSHGFPPEVEEQDDGTLPMSCAEESGMDRHPAACASARINV

C-terminal fusion constructs
MKQIQSHGFPPEVEEQDDGTLPMSCAEESGMDRHPAACASARINV
MKQIQSHGFPPEVEEQDDGTLPMSCAEESGMD
MKQIQSHGFPPEVEEQDD

N-terminal fusion constructs
MKQIQSHGFPPEVEEQDDGTLPMSCAEESGMDRHPAACASARINV
MLPMSCAEESGMDRHPAACASARINV
MDRHPAACASARINV

Figure 46. (a) Constructs of mODC PEST/GUS N and C terminal fusions and double N1/C-l fusion; (b) amino acid sequences for the entire mODC C-terminus PEST region
and truncated fragments in different GUS constructs. The mODC PEST residues are
highlighted in red and an additional Met added as start codon is highlighted in blue.
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Figure 47. Cloning of PEST-GUS-N terminal fusion sequence, (a) Gel electrophoresis of
(1) PCR product of GUS sequence (1.8 kb) (2) PCR product of PEST sequence (180 bp)
and (3) SOE PCR product of PEST-GUS-N fused sequence (1.9 kb), (b) Restriction
digestion products of the pCR2.1 TOPO vector with insert of PEST-GUS sequence by (1)
iVcoI (1.6+4.2 kb) and (2) EcoRV (0.23 kb+0.7 kb+4.1 kb), (c) Plasmid map of pCR2.1
TOPO vector with N-PEST-GUS sequence inserted.
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Figure 48. Cloning of GUS-PEST-C tenninal fusion sequence, (a) Gel electrophoresis of
(1) PCR product of GUS sequence (1.8 kb) (2) PCR product of PEST sequence (180 bp)
and (3) SOE PCR product of GUS-PEST-C fused sequence (1.9 kb), (b) Restriction
digestion products of the pCR2.1 TOPO vector with insert of GUS-PEST sequence by (1)
Ncol (1.7+4.2 kb), (c) Plasmid map of pCR2.1 TOPO vector with PEST-GUS-C fusion
sequence inserted.
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joining two fragments, Phusion High-Fidelity polymerase (see Materials and Methods)
was used for PCR to generate blunt ends. Gel-purified fragments for each terminal fusion
were mixed together serving as the template for the SOE-PCR (primers listed in Table 2
and 3; Fig. 47a, 48a). The correct SOE PCR products were obtained, which were gel
purified (based on the fragment size) and cloned into pCR 2.1 TOPO vector. The
confirmation by restriction digestion and sequencing of the insert were both positive (Fig.
47b, c, Fig. 48b, c). The start codon, the junction sequences and the stop codon were all
present as expected (Appendix C).
Likewise, to produce N -l, N-2 and N-3 constructs, N-PEST-GUS fusion in
pCR2.1TOPO was used as the template to run PCR (Fig. 49) using sequence specific
primers (Table 2, Table 3). Similarly, C-PEST-GUS fusion in pCR2.1TOPO was used as
the template to amplify C -l, C-2 and C-3 constructs (Fig. 49), again using sequence
specific primers (Table 2, Table 3). The clones of these PCR products in pENTR/D
TOPO vector were confirmed by restriction digestion (Fig. 50, 51), and found to be of
correct size and in the correct orientation. The selected constructs were sub-cloned into
destination vector pMDC7 by LR-clonase reaction (Fig. 52), and again, confirmed to be
correct as seen by restriction digestion (Fig. 53) and sequencing.
To make the double N-l/C-1 fusion construct, N-l and C-l in pENTR/D TOPO
constructs were double digested by AscI and Mscl, separately (Fig. 54, 55); the gel
purified products were ligated correctly (Fig. 54) as confirmed by restriction digestion
(Fig. 55). These constructs were finally cloned into pMDC7 vector via LR-clonase
reaction (Fig. 54,55) and transformed into A. tumefaciens.
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Figure 49. Gel electrophoresis of PCR products of (1) N-l (1.9 kb), (2) N-2 (1.9 kb), (3)
N-3 (1.8 kb), (4) C-l (1.9 kb), (5) C-2 (1.9 kb) and (6) C-3 constructs (1.8 kb) as shown
in Figure 46a.
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Figure 50. Plasmid maps of pENTR/D TOPO vector with insert of PEST-GUS N fusion
constructs (a) N -l, (c) N-2 and (e) N-3. Gel electrophoresis of (b, lane 1) N-l construct
double digested with EcoRV plus Ncol (2.4 kb+1.1 kb+0.7 kb+0.2 kb), (d, lanel) N-2
construct double digested with EcoRV plus Ncol (1.1 kb+0.2 kb+3 kb) and N-3 construct
(f, lane 1) double digested with EcoRV plus Ncol (2.4 kb+1.1 kb+ 0.6 kb+0.2 kb).

155

Afeol - 2515

/■m il ■ 174

H indi - 501
Hpal- SOI

C-2+pENTR/D-TOP
4488 bp

EcoRV - 1246
HincII -1294

0.5 kb

EcoRV -1477
EcoRV-2725
f v d l - 2720
Ncol - 2515

Hindi -1828
fr a il -174
HincII - 501
H ad ■501

e

3 kb
3+pENTR/D-TOP
EcoRV - 1246
Hindi - 1294

1 kb
0.5 kb

EcoRV-1477
EcoRV -2083
f r a i l -2678
Afeol • 2515

Hindi -1828

Figure 51. Plasmid maps of pENTR/D TOPO vector with insert of GUS-PEST C
terminal fusion constructs (a) C -l, (c) C-2 and (e) C-3. Gel electrophoresis of (b) C-l
construct double digested with EcoRV plus Ncol (lane 1: 3 kb+1 kb+0.25 kb) as well as
double digested with Hincll and Ncol (lane 2: 2.5 kb+0.8 kb+0.7 kb+0.5 kb), (d, lanel)
C-2 construct digested with Hincll (0.5 kb+0.8 kb+3.1 kb) and C-3 construct (f, lane 1)
digested with Hincll (0.5 kb+0.8 kb+3.1 kb).
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Figure 52. Plasmid maps of PEST-GUS fusion N-l (a), N-2 (b), N-3 (c), C-l (d), C-2 (e)
and C-3 (f) constructs in destination vector pMDC7 vector under the control of an
estradiol inducible promoter with diagnostic restriction enzymes labeled.
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Figure 53. Gel electrophoresis of restriction digestion products of GUS/PEST fusion
constructs in pMDC7vector: (1) N-l construct digested with Ncol (10 kb+1.7 kb+1.4 kb),
(2) N-2 construct digested with Ncol (11 kb+1.7 kb), (3) N-3 construct digested with
Ncol (10 kb+1.7 kb+1.3 kb), (4) C-l construct double digested with Ncol and Pacl (8.5
kb+3.2 kb+1.7 kb-t0.17 kb), (5) C-2 construct double digested with Ncol and Pacl (8.5
kb+3.2 kb+1.7 kb+0.13 kb) and (6) C-3 construct double digested with Ncol and Pacl
(8.5 kb+3.2 kb+1.7 kb40.1 kb)
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Figure 54. The process of cloning PEST-GUS-PEST N-l/C-1 double fusion construct in
final destination vector pMDC7. N-l and C-l in pENTR/D TOPO plasmid were double
digested by AscI and Mscl separately. The product fragments of 3325 bp from N-l and
1334 bp from C-l were gel purified and then used for ligation to build the N-l/C-1
construct. Following the same LR clonase reaction, the N-l/C-1 fragment was subcloned
into destination vector pMDC7.
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Figure 55. Gel electrophoresis of (1) N-l construct in pENTR/D TOPO digested with
AscI and Mscl (3.3 kb+1.2 kb), (2) C-l construct in pENTR/D TOPO digested with AscI
and Mscl (3.2 kb+1.3 kb), (3) restriction digestion products of PEST-GUS-PEST N-l/C1 construct in pENTR/D TOPO with Ncol (2.7 kb+1.9 kb), (4) restriction digestion
products of of PEST-GUS-PEST N-l/C-1 construct in pMDC7 vector with Ncol (8 . 6
kb+1.9 kb+ 1.7 kb+1.4kb).
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Generation of Transgenic Arabidopsis Lines
Transgenic (TO Arabidopsis seedlings, selected on hygromycin, tested positive for
histochemical GUS assays upon induction with 5.0 fiM estradiol. This confirmed that the
transgenic lines had the correct constructs that were able to produce active GUS enzyme.
Lines derived from the C-2 constructs did not show GUS activity and were not used for
further study. Homozygous T 3 generation plants for other constructs as well as GUS
control line which contains unmodified GUS under the control of the same inducible
promoter (Majumdar, 2011) were used for quantitative measurement of GUS activity in
the seedlings and callus.
Turnover of PEST-GUS Protein
To assess the turnover rate of PEST-GUS protein, both seedlings and callus
suspension cultures were used. Transgenic seedlings with various PEST/GUS constructs
were grown on solid GM with 5.0 fiM estradiol for 2 weeks and then transferred into
liquid GM with 100 jiM CHX in 9-well culture plates to inhibit protein synthesis.
Samples were collected at 0, 4 and

8

h after CHX treatment. For callus suspension

cultures, after 2 days of induction of GUS with 5.0 /*M estradiol, 300 piM CHX was
added to the culture, and samples were collected in MUG extraction buffer at 0, 2, 4,

8

and 24 h. Quantitative MUG assay was performed on all samples as described.
The data presented in figures 56 and 57 and Table 12 showed that several lines
transformed with different constructs indeed had GUS activity that decreased faster on
treatment with CHX than the control GUS. The results were more apparent with the
callus than the seedlings. For example, the callus of lines C-l and N-l/C-1 had two-to-six
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fold less activity at time zero of CHX treatment than the control and the other lines (Fig.
57); this activity further decreased by >50% in N-l/C-lwithin 8 h after CHX treatment
(Table 12). For C-3 transgenics, the seedlings and the callus both showed about 40% loss
of enzyme activity at 8 h after CHX treatment, but the callus had regained enzyme
activity by 24 h. The N-l callus on the other hand showed a consistent loss of enzyme
activity with time up to 24 h. Callus of C-l transgenics also showed a faster decline in
GUS activity than the control; however, the seedlings did not exhibit parallel behavior. In
the callus of N-l transgenics, at the time of CHX treatments, enzyme activity was
comparable to control GUS callus.

162

c 50000

150000

GUS Control

3

3
5120000

2 40000
a
|* 30000

1 20000

■S 60000
30000
4
Time (h)

4
Time (h)

_N-2

N-3

1 100000

200000

50000

5100000

0
£ 400000

4
Time (h)

8

0
c 500000

4
Time (h)

8

3

2400000
a
5*300000

a 300000
'g 200000

1 200000
100000

0
©250000
o
o.200000

4
Time (h)

8
Time (h)

N-1/C-1

1 150000

1 100000
50000
0

0

Time(h)

8

Figure 56. GUS activity of seedlings containing GUS control and various GUS/PEST
constructs at different times after inhibition of translation. Seedlings were grown on solid
medium with 5.0 piM estradiol for 2 weeks and then subjected to CHX (100 /<M)
treatment for different time periods. An (*) indicates significant difference compared to
0 time point (p<0.05, N=3).
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Figure 57. GUS activity of callus suspension cultures carrying control GUS or various
GUS/PEST constructs at different times after inhibition of translation. Estradiol (5.0 ^M)
was added into 3-day-old cultures. After 2-day-induction, cultures were subjected to
CHX (300 }*M) treatment for different time periods. An ’(*) indicates significant
difference compared to the 0 time point (p<0.05, N=4).
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Table 12. Percentage of GUS activity in different GUS/PEST fusion constructs and a
GUS control line after CHX treatment in seedlings and callus suspension cultures relative
to 0 h. Bold numbers indicate statistically significant decrease compared to 0 h (p<0.05).
(N/A): N-2 and N-3 constructs have not been tested in callus suspension cells based on
the seedling results which showed less effectiveness on destabilizing GUS protein.

Plant line

4h

Oh

GUS activity

8h

24h

Seedlings

Callus

Seedlings

Callus

Callus

GUS control

100%

126.64%

102.41%

71.69%

76.95%

86.50%

N-l/C-1

100%

79.01%

87.47%

86.72%

41.03%

62.78%

N-l

100%

84.43%

87.17%

77.75%

53.59%

28.84%

N-2

100%

86.69%

N/A

. 79.89%

N/A

NA

N-3

100%

120.69%

N/A

100.42%

N/A

NA

C-l

100%

112.07%

93.09%

91.01%

78.82%

58.43%

C-3

100%

82.28%

63.19%

60.13%

58.14%

88.59%
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Discussion
Modified GUS Protein
As an extensively used reporter, GUS is highly suitable in various plant systems for
monitoring and quantifying promoter activity (gene expression). However, its relatively
long half-life makes it unsuitable for the analysis of short-term conditional and temporal
gene expression. Several attempts to modify GUS protein by attaching various
destabilizing sequences have been reported. Adachi et al. (2006) produced a GUS protein
N-terminus fused with N-terminal PEST motif from Arabidopsis CDKB2 (cyclindependent kinase B2) under the control of CDKB2 native promoter. Compared with the
control GUS, the fusion GUS protein was less stable in tobacco BY-2 cells and
Arabidopsis plants based on qualitative and quantitative GUS enzymatic assays. Two-tothree fold higher GUS activity was detected in control GUS cells than the fusion GUS
cells. Both GUS enzymatic assay as well as immunoblotting showed that the addition of
proteasome inhibitor MG 132 prevented the degradation of fusion GUS protein but not the
control protein. It was suggested that CDKB2 N-terminal PEST motif conferred the rapid
protein degradation mediated by proteasome. In another study by Worley et al. (1998) in
tobacco protoplasts, GUS protein with either destabilizing residue Phe or Leu at the N
terminus showed 3-fold and 4-fold less abundance, respectively, than the protein with
Met. Other tested primary destabilizing residues did not show much effect on the stability
of GUS protein. This was examined by GUS enzymatic assay. It was not clear, however,
if the low abundance of GUS was due to decreased biosynthesis or faster degradation. In
the same study, an attempt at attaching uncleavable N-terminal Ub moiety resulted in 3fold less GUS activity in tobacco protoplast but no effect in yeast. The authors speculated
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that, compared to 10~50- fold less activity of luciferase (LUC) achieved by the same
approach (Worley et al., 1998), the limited effect on the instability of GUS might be
explained by: a) different accessibility of the N-terminus and/or the internal Lys to the Ub
conjugating enzyme due to a different protein structure; and/or b) inability to demonstrate
a steady-state level of GUS protein in the transient expression system due to its long halflife which is proportionate to protein accumulation only at steady state. Koo et al. (2007)
created a GUS/LUC fusion reporter which retained both enzyme activities. By assessing
enzymatic activity of both GUS and LUC, the authors demonstrated that the turnover of
this dual-reporter protein was dependent on LUC whose degradation is rapid and
controlled by its substrate luciferin. It was suggested that this dual reporter may
overcome the excessive stability problem of GUS without compromising its advantages;
thus being suitable to study dynamic gene expression in plants (Koo et al., 2007; Kavita
and Burma, 2008).
Stability of GUS Protein Fused with PEST Sequence from mODC
I studied the feasibility of destabilizing GUS protein using the PEST sequence of
mODC C-terminus and its truncated versions at either N or C or both termini. The study
on the stability of fusion GUS proteins was performed in transgenic seedlings as well as
callus suspension cultures carrying different GUS constructs under the control of an
inducible promoter. The results from both types of fusions were somewhat similar with
some being more effective than the others. The dual location of the PEST region in N1/C-l was the most effective, with estimated half-life of ~8-10 h vs. >2 d reported for the
unmodified GUS protein. The major advancement over the published studies was that we
were not measuring the overall accumulation of GUS but changes in the GUS activity
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first with induction and then with CHX treatment. The two major limitations were that: (i)
it was perhaps not possible to completely block protein synthesis with CHX, and (ii) the
inducer was not easy to remove during the measurement of decay of GUS activity, during
CHX treatment. One should also be aware of the fact that the study did not target the
turnover of mRNA with or without the PEST sequence(s), which could also be affected
and play a role in the measurements of GUS activity.
Nonetheless, my results are in agreement with the studies of Li et al. (1998) and
Corish and Tyler-Smith (1999) where GFP protein fused with the same PEST sequence
was shown to have much shorter half-life (from 26 h down to 2-6 h). On the other hand,
we did not achieve a half-life of <6 h as in the above studies. It should be pointed out that
the GFP-PEST studies were performed in a mammalian cell culture system (CHO and
mouse cell lines), which is the original source of the mODC PEST sequence. It is quite
possible that plant and animal systems have different molecular machineries for
degradation of proteins bearing the same PEST sequence. For example, the degradation
of ODC in mammalian cells is mediated by interaction of another protein called the
antizyme (Kahana et al. 2005; Jariel-Encontre et al., 2008; Perez-Leal and Merali, 2012).
Apparently, the antizyme first binds to mODC which changes its conformation and
exposes the C-terminal PEST sequence as the recognition signal for 26S proteasome.
Mouse ODC (with intact PEST sequence) when expressed in T. brucei, which lacks the
antizyme, was quite stable (Bass et al., 1992). Furthermore, its co-expression with rat
antizyme did not lead to its rapid degradation, although its activity was inhibited,
supposedly due to the formation of antizyme-ODC complex. Further in vitro study found
an inhibitory factor in T. brucei and also differences in its proteasome vs. the mammalian
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one (Hua et al., 1995). Thus it is obvious that difference(s) in proteolytic machinery
among different species can (and do) significantly alter the degradation rate of even the
same protein. An antizyme-type system has not been found in plants (Illingworth and
Michael, 2012).
The differences observed between different constructs point to the need for testing
various mutations and segments of the PEST region to make it more suitable for use in
heterologous plant systems. Camborde et al. (2010) reported that a Turnip Yellow Mosaic
Virus RNA-dependent RNA polymerase (66K), bearing an N-terminus PEST sequence,
was degraded rapidly (with a

of about 5 h determined by pulse-chase) in Arabidopsis

callus cultures; degradation was shown to be mediated through Ub-proteasome pathway.
Fusion of this PEST sequence or the entire 66K protein with LUC substantially
destabilized it (7-8 - fold less abundant), which indicates that the PEST sequence is
transportable across kingdoms. Omega-3 Fatty-acid (FAD3) proteins of Brassica napus
and Vernicia fordii (Tungoil tree) were shown to bear PEST rich sequences at the Nterminus, which conform to their Ub-proteasome dependent rapid degradation in yeast
(T 1 /2 of 3 and 11 h, respectively) as examined by western blots (O’Quin et al., 2010).
Fusion of either protein with GFP hastened the turnover of GFP in tobacco BY-2 cells,
again supporting the effectiveness of PEST signal from short-lived proteins in
heterologous systems. In an earlier study from our lab (DeScenzo and Minocha, 1993),
tobacco plants over-expressing mODC full length cDNA showed less ODC activity (2-3
folds) and Put level than those expressing a truncated version of the same protein, leading
to the speculation that, at least in tobacco, this PEST sequence is also recognized as a
signal for rapid protein degradation. However the specific machinery is still unknown and
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Arabidopsis plants might behave in a different way toward the same PEST sequence. One
additional point to consider is that different conformations of ODC and GUS protein may
also influence the final outcome; whereas GUS is a tetramer (de Ruijter et al., 2003), the
ODC is a dimer (Kahana et al., 2005).
As mentioned above, constructs N-l/C-1, N-l and C-3 had different effects on the
stability of GUS. For example, the C-3 construct bearing only one third of the native
PEST sequence and six out of fourteen PEST residues (Fig. 46b) was able to destabilize
GUS protein more efficiently than C-l which contained the full length PEST region at the
same terminus. Also, decrease in GUS activity of N-l/C-1 was significant but not
proportionate to the number of PEST residues as compared to other constructs. This is
consistent with the study of Li et al. (1998) who concluded that the rate of degradation is
not dependent on the number of residues but relevant to their positions
It should also be noted that the approach we used to study protein stability was
enzyme assay, which actually examines only the functional protein not the total protein
abundance. The question could be raised that, “is the abundance of functional protein
proportionate to total protein or vice versa? In other words, does the change in enzyme
activity reflect the real change in protein abundance”? In this regard the role of the PEST
sequence in (mis)-folding of the protein or changing the catalytic efficiency of GUS must
also be considered (Worley et al., 1998). Noticeably, at 24 h of CHX treatment, some
constructs exhibited a small increase in specific activity (Fig. 57); this may be attributed
to a decrease in total protein content in the cells following inhibition of translation. Thus,
it is likely that the rate of GUS degradation was underestimated since the enzyme assay

was normalized to the total soluble protein in cells. Additional approaches to directly
measure the total GUS protein abundance would be a good way to confirm this.
Regardless of whether the GUS enzyme activity represents the abundance of total
GUS protein or not, the fact that enzyme activity is the final detection approach for the
promoter::GUS fusion technique, PEST-fusion GUS proteins with reduced stability
would have the potential to be utilized as a more sensitive reporter for transient or short
term gene expression study since the decrease in GUS can be detected by using the same
technique. In order to further test how sensitive these fusion GUS proteins are in response
to transient gene expression as a reporter, the change of GUS activity as well as the GUS
transcripts could be studied and compared upon the turn-on/off of the gene under the
control of the inducible system.
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CONCLUSIONS

In summary, my Ph.D. research complements the studies conducted previously in
our lab on expression and regulation of PA biosynthetic genes in Arabidopsis by
advancing the information on expression pattern of the SPDS gene family (AtSPDSl and
AtSPDS2). The attempt to transgenically manipulate higher PAs (Spd/Spm) by over
expression of SPDS alone or concomitant with the expression of multiple PA biosynthetic
genes, though not changing PA levels significantly, revealed a more complex regulation
of PA homeostasis (especially Spd and Spm), and provides insights to further elaborate
this regulatory machinery. In line with the past study with poplar cell cultures, the turn
over study on all three major PAs in Arabidopsis exhibits a clearer picture on how the
catabolism of different PAs is regulated under normal conditions as well as in response to
enhanced

putreceine

biosynthesis

(via

constitutive

and

inducible

transgenic

manipulations).
Modified GUS protein attached with variable regions of the mouse ODC PEST
signal sequences have shown a small (but variable) reduction in the stability of GUS
protein based on enzymatic activity as compared to the non-modified protein. With
further study on their sensitivity as reporter being accomplished, these proteins will have
the potential to be used for transient or short-term gene expression studies.
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APPENDIX A

EXPRESSION PATTERN OF AtSPDSl ANDAtSPDSl CONSTRUCTS

Table A l. The pattern of GUS expression under the control of various AtSPDSl and
AtSPDS2 promoter constructs in vegetative organs. (+) indicates the presence of GUS
activity; (-) indicates the absence of GUS activity; (V) indicates that the GUS activity is
mainly located in veins; (T) indicates location of GUS activity only in trichomes.
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Table A2. The pattern of GUS expression under the control of various AtSPDSl and
AtSPDS2 promoter constructs in reproductive organs. (+) indicates the presence of stain;
(-) indicates the absence of stain; (+/-) indicates weak stain; (V) indicates that stain is
mainly located in veins.
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APPENDIX B

PLASMID MAPS OF FINAL DESTINATION VECTORS

Figure B l. Plasmid map of SPDS1-A promoter construct in pMDC163
Figure B2. Plasmid map of SPDS1-B promoter construct in pMDC163
Figure B3. Plasmid map of SPDS1-C promoter construct in pMDC163
Figure B4. Plasmid map of SPDS1-D promoter construct in pMDC163
Figure B5. Plasmid map of SPDS1-E promoter construct in pMDC163
Figure B6. Plasmid map of SPDS1-F promoter construct in pMDC163
Figure B7. Plasmid map of SPDS2-A promoter construct in pMDC163
Figure B8. Plasmid map of SPDS2-B promoter construct in pMDC163
Figure B9. Plasmid map of SPDS2-C promoter construct in pMDC163
Figure BIO. Plasmid map of SPDS2-D promoter construct in pMDC163
Figure B ll. Plasmid map of AtSPDSl CDS in pMDC7
Figure B12. Plasmid map of PEST+GUS N-l construct in pMDC7
Figure B13. Plasmid map of PEST+GUS N-2 construct in pMDC7
Figure B14. Plasmid map of PEST+GUS N-3 construct in pMDC7
Figure B15. Plasmid map of GUS+PEST C-l construct in pMDC7
Figure BIO. Plasmid map of GUS+PEST C-2 construct in pMDC7
Figure B17. Plasmid map of GUS+PEST C-3 construct in pMDC7
Figure B18. Plasmid map of PEST+GUS+PEST N-l/C-1 construct in pMDC7
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APPENDIX C

SEQUENCING RESULTS
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Figure C l. Alignment of AtSPDSl CDS (NM_102230, 5’ end showing the translation
start site) with sequencing result of pENTR/D TOPO vector with insert of AtSPDSl CDS
using forward primer (M13F).
203

10

20

30

40

50

€0

70

80

90

100

| ----- j ----- | ---- - | ----- | -- -- -- | ---- - | - ----- | ---- - | --- --- l ----- | --- -- - | --- -- | -- ---- | ----- | ------ | --- -- - | ----- | -- -- - | - ------ |

AT«TATTTTCJl«TTOTJVCOCTCTTCTCTTCCTT*TATCTTCCOCTTCACTTCACACC*AAATC*CCACCTCTCACXAACCCTA«TTCCTCCTCTCtCTC 1 0 0

120
-

210

130
i

t

220

140

i

i

230

150

i i

i

240

160
i —

i

250

170
i

260

1B0

i ----------------- i i
-

110
i ----- i ----- i i

-

SPD S1 CDS

270

190
i

280

i

200
i

290

300

| ----- | ----- | ----- | ----- | ----- j ----- | ------ | -- -- - | --- --- | ----- | ----- t ----- I ----- I ----- I ------ I - ----- I ----- t ----- I ----- I

310
320
330
340
350
360
370
380
390
400
f ----- \ ----- | ----- | ----- | ---- -- | ----- I ----- | ----- | --- --- | ----- | ----- i ----- | -- -- -- | -- -- - | ------ | --- -- - | ----- i -- - - - - | ------ |
OqAQAaQCACACTCATTaAAaCTTaAOAAAaTTTTttTTTCAAOOqAAATCAOATTATCAQaATaTTATTqTTTTCCAOTCTCCAACATATaOAAAAaTTT 4 0 0

SPD S1 CDS
R

410
420
430
440
450
460
470
480
490
500
| --------| -------- | |
|
|
|
|
| |
|
{
|
|
| -------------------------| |
|
|
|
TQqTTTTQQATOaAQTAATCCAACTTAC<WAflAttAaATqAATOTaCTTATCAOaAAATOATCACTCATCTTCCTTTOTOTTCTATCCCTAACCCTAAaAA 5 0 0
.....................................................................................................
.......................................................................................................................................................... 1

SPD S1 CDS

OOrrTTaOTCATTOaAaQAaaAaATOaAOaTOTCCTOCOaaAAOTTOCACaCCATeCTTCTATTOAGCAaATTaACATOTOTaAAATTaATAAAATOOTO 6 0 0

510

520

530

-

SP D S1 CDS

-

CQCTRCCAfqQRaRCg a Ra RACQaRORTCAqRAARRqqRRCCTQCTTOTTTCTCCACTOTTATTCCTQOCTaOrTCTCTqAAATOAgTCCTATQTOQCCA 3 0 0
......................................................................................................................................... - .......................................................................................................................................... 1

-

SPD S1 CDS
R

540

550

560

570

580

590

600

| ------- | ------- | -------| -------| -------- | -------| -------- | -------| -------- | -------| -------- | -------| -------- | -------J -------- | --------| ------- | -------| --------- |

610
. . . .

1 . . . .

620

630

640

650

660

670

680

690

700

| ----- | ----- | ----- ! ------ | -- -- - | -- --- - ! ----- I --- --- I ----- I ----- I ----- I - - - - - - I ----- I ---- -- I -- ---- I ----- I -- - - - - I ----- !

SPD S1 CDS
QTCaACGTqTCTAAGCAATTTTTCCCTaATOTAOCAArrqqATATaAOqATCCTCOCqTqAACCTTgTCATTqqeaATOaTgrrq CTTTCTTflAAaAATq 7 0 0
R...........................
- ........................................................................................................AACCTTOTCATTOOCaATOOTOTTaCTTrerTaAAaAATQ 40

|

|

730

|

|

740

||

|

750

|

|

760

|

770

780

| ---------------------| |

-

-

720

-

710

| -------| -------| |

|

790

|

|

800

SPD S1 CDS
R

CTQCTQRAGQRTCATACQATCCAgnATTOTTQRCTCTTCAaRTCCARTCgQTCCTQCAAAQQAgCTgTTTqAOAAACCCTTCTTCCAATCTQTOQCTAQ 8 0 0
CTOCTGAAGSATCATACQATOCAOR’ATTOTTflACTCTTCAOATCCAATCGOTCCTGCAAAOGAGCTGTTTOAaAAACCCTTCTTCCAATCTQTaOCTAO 1 4 0

SPD S1 CDS
R

AQCTCTTCGTCCT4GTQQR0TTOTOT0CACTCAA0CTGAAA0CTTOTMCTTCACATG8ACATCATCQAAAACATTGTTTCCAACTGCC9TQR8ATCTTC 9 0 0
AQCTCTTCOTCCTOOTOaAGTTGTOTOCACTCAAaCTaAAAOCTTOraGCTrCACATaGACATCATCaAAaACATTOTTTCCAACTOCCOTOAaATCTTC 2 4 0

SPDS1 CDS

AAflOaTTCTOTaAACTATecrraaACCAflCaTTCCAACATACCCCAOTOaaG'ICATTOaATTTATOCTTTGTTCAACTaAAaaACCTaATaTTaACTTCA 1 0 0 0

810
| ------ |

820
|

910

830

920

930

| ----- | ----- | ----- | ------ | . . . . I

1010
. . . .

840

850

860

870

880

890

900

| ----- | -- -- -- | ----- | - -- -- - | --- -- I --- --- | ----- | ------ | ----- | --- --- | ---- - | ------ | - - -- -- | ----- | ----- | ------ |

1020

940

1030

| ----- t ----- | ---- - | ----- j

950

960

| ------ 1 ----- I ------ | ----- | ----- I . . . .

1040

1050

1060

970

980

990

1000

I ------I ----- i ------ I ------ I ----- I ------I ----- I

1070

1080

1090

. . . . -| - - - - - | - - - - - - | - - - - - | - - - - - - | - - - - - | - - - - - - | - - - - - | - - - - - - | - - - - - | - - - - - - | - - - - - - j - - - - - | . . . .

1100
I ----- I

R

AACACCCACTaAACCCAATTOACGMAOCTCCAOCAAATCAAATOaACCTTTaAAOTTTTACAATOCCaAaATTCATTCAaCTOCATTCTOCTTaCCTTC 4 4 0

SPD S1 CDS
R

TTTCgCCAAflAAGOTCATTQAgTCAAAAflCCAAggM
1137
TTTCOCCAAAAAMTCATTGAGTCARAAGCCARlgggAAMOTOOQCOCGCCGACCCAGCTTTCrfOTACAAAGTQOTTGATAATTCTTAATTAACTAGT 5 4 0

SPD S1 CDS
R

.................................................................................................................
CaATCCAGQCCTCCCAOCTTCOTCCOTATCATCOOTTCOACAACGTTCTTAACTC 5 9 5

1110

1120

1130

1140

1150

1160

1170

1180

1190

1200

! ---- | ----- | ------ | ----- | ------ | ----------- . | -- -- - | ------ | ----- | ----- i ----- | ------ | ----- | ----- | ----- I ----- | ----- | ------ |

1220
. . . .

1230
I

I. . . . I

1240
I

1250
I

I I
-

1210
| ----- | ------ |

I

1137

Figure C2. Alignment of AtSPDSl CDS (NM_102230, 3’ end showing the translation
stop site) with sequencing result for pENTR/D TOPO vector with insert of AtSPDSl
CDS using reverse primer (M13R).
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Figure C3. Alignment of PEST+GUS N-terminus fusion sequence (5’ end showing the
translation start site) with sequencing result of pCR2.1 TOPO vector with insert of
PEST+GUS by using forward primer (M13F).
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Figure C4. Alignment of PEST+-GUS N fusion sequence (3’ end showing the translation
stop site) with sequencing result of pCR2.1 TOPO vector with insert of PEST+<j US
using reverse primer (M13R).
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Figure C5. Alignment of GUS+PEST C-terminus fusion sequence (5’ end showing the
translation start site) with sequencing result of pCR2.1 TOPO vector with insert of
GUS+PEST using forward primer (M13F).
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Figure C6. Alignment of GUS+PEST C-terminus fusion sequence (3’ end showing the
translation stop site) with sequencing result of pCR2.1 TOPO vector with insert of
GUS+PEST using reverse primer (M13R).
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